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ABSTRACT 


Acute  hypercapnia  was  produced  in 

two  groups  of  chloralose  anesthetized  dogs  with  intact 

and  denervated  kidneys,  by  positive  pressure 

131 

ventilation  with  C>2  -  CO^  mixtures.  I 

Hippuran,  creatinine  and  osmolar  clearances  and  the 


131 


-  Hippuran  extraction  ratio  were  measured  and 


various  parameters  of  renal  hemodynamics  were 
determined.  In  dogs  with  their  renal  nerves  intact, 
at  low  PaCQ^  (up  to  70  mm  Hg) ,  filtration  fraction 
(FF)  increased  while  renal  resistance  (RR)  remained 
unchanged,  suggesting  efferent  arteriolar  constriction 
and  afferent  arteriolar  dilatation.  RR  increased  at 


high  PaCQ^  suggesting  efferent  and  afferent  arteriolar 
constriction,  with  efferent  constriction  predominating 


(FF  increased) .  At  Pa 


CO- 


levels  above  112  mm  Hg 


decreased  ETT.  and  the  tendency  towards  the 
Hipp 

production  of  a  more  dilute  urine  suggest  that 
cortical  blood  flow  is  decreasing  relative  to  the 
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medullary  blood  flow. 

In  dogs  with  their  left  kidney 
denervated  the  pattern  of  response  to  hypercapnia 
was  quite  different,  indicating  that  the  renal 
nerves  are  necessary  for  the  normal  response  of  the 
kidney  to  hypercapnia.  In  the  denervated  kidney 
there  was  an  immediate  indication  that  increasing 
hypercapnia  leads  to  shunting  of  the  blood  away 
from  the  cortex.  This  series  of  dogs  also  had  a 
higher  hematocrit  than  the  dogs  with  the  intact 
kidneys,  so  that  changes  in  blood  flow  in  the 
denervated  kidneys  due  to  viscosity  changes  are 
probably  emphasized. 
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INTRODUCTION 

Although  the  effects  of  increased 
carbon  dioxide  on  renal  hemodynamics  have  been 
studied  for  many  years,  observations  made  in  the  past 
have,  for  the  most  part,  been  incomplete,  as  total 
renal  blood  flow  was  frequently  the  only  hemodynamic 
parameter  measured.  While  it  is  generally  agreed 
that  increased  carbon  dioxide  in  the  inspired  air 
causes  a  decrease  in  total  renal  blood  flow,  there 
is  no  agreement  on  the  intrarenal  mechanisms 
responsible  for  this  decrease. 

Many  preliminary  experiments  in 
which  attempts  were  made  to  repeat  the  work  of 
others  in  this  field  were  discouraging  because  the 
methods  and  results  did  not  satisfy  our  criteria 
for  valid  renal  hemodynamic  measurements,  particularly 
with  respect  to  minimal  interference  with  the  renal 

I  " 

circulation.  However,  sufficient  experience  was 
gained  with  standard  methods  of  renal  physiology 
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to  lead  to  the  conviction  that  if  enough  variables 
were  simultaneously  measured,  important  new 
information  would  be  obtained .  By  using  this 
approach,  it  was  hoped  that  the  renal  response  to 
respiratory  acidosis  would  be  revealed  in  sufficient 
detail  to  indicate  the  intrarenal  mechanisms  involved. 
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3. 


LITERATURE  REVIEW 

Carbon  dioxide  -  its  production  in  the 
body,  effects  upon  body  systems,  and  elimination 
from  the  body  -  has  been  studied  by  physiologists 
for  years. 

Paul  Bert,  in  his  classical  research 
published  in  "La  Pression  Barometrique "  in  1878  (12) , 
studied  the  effects  of  breathing  high  concentrations 
of  carbon  dioxide  on  the  respiration  and  circulation 
in  several  species  of  animals.  During  the  following 
forty  years,  several  reports  on  the  cardiovascular 
and  respiratory  effects  of  excess  carbon  dioxide 
were  published  such  as  that  by  Hill  and  Flack  in 
1908  (61) ,  but  these  early  workers  often  had 
difficulty  distinguishing  between  the  effects  of 
carbon  dioxide  excess  and  oxygen  lack „ 
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The  first  definitive  reports  on  the  effects 
of  carbon  dioxide  on  the  respiration  and  circulation  of 
humans  were  by  Schneider  and  Truesdell  in  1922  (123), 
and  Goldstein  and  DuBois  in  1927  (52) .  Schneider 
and  Truesdell  had  their  subjects  rebreathe  an 
oxygen  enriched  mixture  in  which  the  oxygen  content 
was  maintained  constant  at  30%,  while  the  carbon 
dioxide  content  was  allowed  to  increase.  They 
reported  a  gradual  rise  in  blood  pressure  and  heart 
rate  with  increasing  carbon  dioxide.  Goldstein  and 
DuBois  obtained  similar  results  which  they  plotted 
against  alveolar  carbon  dioxide.  However  these  workers 
(54)  make  no  mention  of  any  technique  to  prevent  anoxia 
while  rebreathing  various  carbon  dioxide-air  mixtures 
from  Douglas  bags.  The  early  experiments  on  the 
effects  of  carbon  dioxide  on  the  cardiovascular  system 
provide  good  descriptions  of  the  gross  changes  observed, 
but  usually  they  were  not  well  controlled  and  many 
variables,  such  as  pH  and  ^cc^'  cou^  not  •*3e  measured. 

Carbon  Dioxide  and  the  Kidney 

When  a  high  concentration  of  carbon  dioxide 
is  breathed,  urine  production  is  greatly  decreased. 

Many  conflicting  and  confusing  opinions  regarding  the 
basic  mechanism  behind  this  phenomenon  are  found  in 
the  literature.  Part  of  the  confusion  results  because 
different  methods  were  used  to  produce  the  increase 
in  carbon  dioxide  and  these  result  in  different 
concentrations  of  CO2  at  the  various  effector  sites. 
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These  methods  were:  (a)  apneic  oxygenation,  (b) 
rebreathing,  and  (c)  inhalation  of  gas  mixtures  con¬ 
taining  carbon  dioxide  and  oxygen. 

(a)  Apneic  Oxygenation 

Apneic  oxygenation  (diffusion  respiration) 
has  been  defined  by  Krough  (78)  as  "gas  exchange  between 
the  atmosphere  and  the  lung  alveoli  in  the  absence  of 
rhythmically  recurring  differences  in  the  barometric 
pressures  of  these  two  areas".  This  implies  that 
respiratory  movements  of  the  chest  are  absent. 
Conversely,  mechanical  ventilation  is  accomplished  by 
rhythmically  recurring  differences  in  pressure  between 
the  atmosphere  and  the  lung  alveoli.  Because  the 
respiratory  quotient  is  less  than  1,  the  pressure  in 
the  alveoli  is  less  than  atmospheric  pressure  and 
there  is  a  continuous  flow  of  air  (or  C^)  into  the 
lungs.  Therefore  during  apneic  oxygenation,  C02  is 
accumulated  in  the  alveoli  and  hence  in  the  blood,  so 
that  this  is  not  an  effective  ventilation  mechanism. 
However,  Behnke  and  his  associates  (11)  showed  that 
apneic  oxygenation  occurs  in  the  anesthetized  dog 
under  certain  specialized  conditions. 

While  studying  the  effects  of  four 
atmospheres  of  oxygen  on  anesthetized  dogs,  they  (11, 
122)  noted  that  despite  apnea,  which  is  caused  by 
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"oxygen  toxicity”,  the  blood  remained  well  oxygenated 
for  periods  up  to  30  minutes.  Draper  and  Whitehead 
(40)  found  that  at  a  barometric  pressure  of  630  mm  Hg, 
apneic  oxygenation  could  be  accomplished  if  dogs  were 
(a)  denitrogenated,  (b)  had  an  open  airway  attached  to 
an  oxygen  supply  at  atmospheric  pressure,  and  (c) 
the  circulation  was  intact.  They  used  sodium  thiopental 
to  stop  respiration  and  noted  that  dogs  could  survive 
with  no  respiratory  movements  for  periods  up  to 
approximately  two  hours. 

It  was  not  until  1951,  that  observations 
on  renal  function  were  made  during  apneic  oxygenation. 
Shires  and  Eyer  (132)  performed  two  series  of  experi¬ 
ments  in  which  they  noted  renal  changes.  In  the  first 
series  they  allowed  dogs,  denitrogenated  for  one  hour 
with  100%  O2,  to  rebreathe  O2  from  a  spirometer  with 
its  CO2  absorber  removed.  In  the  second  series, 
following  denitrogenation ,  the  dogs  were  given 
sufficient  decamethonium  bromide  (Syncurine)  to 
cause  respiratory  arrest.  In  the  first  series,  it 
was  observed  that  when  the  PQ02^ecanie  high  enough  to 
cause  apnea,  anuria  occurred  at  the  same  time.  In 
the  neuro-muscula  r  blocked  series,  anuria  also  occurred 
simultaneously  with  the  onset  of  apnea,  but  before 
the  CO2  level  could  have  increased  enough  to  be  the 
cause.  The  origin  of  this  apnea  was  further  studied 
by  denervating  the  left  kidney,  using  the  right  kidney 
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as  a  "normal1'  control  in  the  same  animal.  When  this 
was  done,  urine  flow  remained  constant  in  the  dener- 
vated  kidney  but  the  intact  kidney  always  showed 
complete  anuria.  Shires  and  Eyer  (132)  also 
demonstrated  that  bilateral  section  of  the  cervical 
vagus  failed  to  prevent  the  anuria  in  the  intact 
kidney.  Hypotension  and  central  nervous  system 
depression  were  also  ruled  out  as  initiating  factors 
for  the  anuria. 

Many  workers  have  confirmed  the  fact 
that  anuria  occurs  at  the  onset  of  apneic  oxygenation 
(thiopental  induced)  and  also  the  fact  that  the 
anuria  can  be  largely  prevented  by  renal  denervation 
(18,  75,  144) . 

Bohr  et  al  (18)  found  that  apneic  oxygen¬ 
ation  following  a  high  dose  of  thiopental  caused  the 
clearance  of  PAH  and  creatinine  to  be  depressed  in 
both  intact  and  surgically  denervated  kidneys, 
the  depression  being  very  much  less  in  the  denervated 
kidneys.  They  also  observed  a  decrease  in  PAH 
extraction  ratios,  which  appeared  to  correlate  with 
the  drop  in  blood  pH.  The  decreased  clearance  of 
PAH  in  the  denervated  kidneys  was  found  to  be 
related  to  a  fall  in  blood  pressure.  Since  anuria 
occurs  immediately  after  the  beginning  of  the  apnea, 
it  is  obvious  that  the  CC>2  level  could  not  have 
increased  enough  to  be  the  prime  stimulus  causing  the 
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anuria.  It  was  postulated  that  the  high  dose  of 
thiopental  initiated  renal  vasoconstriction  by  a 
strong  stimulus  of  central  origin  to  the  renal 
nerves  (18,  141) .  This  might  be  similar  to  the 
apneic  renal  reflexes  observed  by  Bradley  and  Bing 
(21)  who  described  a  reflex  reduction  in  renal  plasma 
flow,  glomerular  filtration  rate  and  urine  flow  in 
the  diving  seal,  or  the  similar  alterations  in  renal 
functions  found  during  smoke  apnea  in  rabbits  by 
Forster  and  Nyboer  (47) . 

Stone  et  al  (141)  studied  apneic  oxygen¬ 
ation  occurring  when  thiopental  or  decamethonium 
prevented  respiratory  movement.  They  confirmed  the 
previous  observations  (18,  75)  that  anuria  coincides 
with  the  beginning  of  apnea  when  ventilation  is  stopped 
with  thiopental,  and  concluded  that  this  anuria  is  the 
result  of  a  nonspecific  renal  vasoconstriction  caused 
by  central  vasomotor  activity.  It  is  known  that 
thiopental  has  both  an  anti-diuretic  (60)  and  a 
central  vasoconstrictor  (59)  action,  so  the  immediate 
anuria  is  probably  caused  by  the  thiopental.  Apnea  also 
occurs  coincidentally  with  the  cessation  of  respiration 
after  an  intra-cisternal  injection  of  procaine 
hydrochloride  (66) ,  which  again  seems  to  indicate 
centrally  induced  vasomotor  activity. 

When,  on  the  other  hand,  apnea  was  induced 
by  neuromuscular  blockade  (65,  141),  it  was  observed 
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that  urine  production  usually  did  not  start  to  decline 
until  fifteen  minutes  of  the  apneic  period  had  elapsed. 
These  findings  are  in  direct  contradiction  to  the 
results  of  Shires  and  Eyer  (132) ,  who  reported  that 
anuria  and  apnea  began  simultaneously  when  decamethonium 
was  used  to  stop  breathing.  One  possible  explanation 
for  these  conflicting  results,  is  that  Shires  and 
Eyer  (132)  used  paraldehyde  as  an  anesthetic,  while 
other  workers  used  light  thiopental  anesthesia. 

The  slowly  developing  oliguria,  seen 
during  apneic  oxygenation  induced  by  a  neuromuscular 
blocking  agent  has  been  correlated  with  the  gradually 
developing  hypercapnia  and  acidemia  (65) .  It  is  noted 
that  the  time  course  of  the  developing  oliguria  in 
animals  made  apneic  by  neuromuscular  blockade  (65) 
parallels  closely  the  development  of  oliguria  in  the 
denervated  kidneys  of  the  dogs  made  apneic  with  intra¬ 
venous  thiopental  (18,  75)  or  intra-cisternal  procaine 
(66)  .  If  CC>2  is  responsible  for  this  gradually 
developing  oliguria,  its  mechanism  of  action  is 
difficult  to  explain  on  the  basis  of  sympathetic 
activation.  Although  one  might  expect  low  concentra¬ 
tions  of  CC>2  to  stimulate  the  sympathetic  nervous 
system  (7,  89),  the  threshold  for  the  appearance  of 
catecholamines  in  the  blood  has  been  shown  to  be  a 
CjC02  15%  (62,  145) .  Only  the  adrenal  medullary 
hormones  will  be  acting  on  the  denervated  kidneys  of 
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the  thiopental  and  procaine  apneic  series,  while  the 
adrenal  medulla  and  the  sympathetic  nervous  system 
will  be  acting  on  the  intact  kidneys  of  the  neuro¬ 
muscular  block  series.  If  carbon  dioxide  alone 
was  responsible  for  the  oliguria,  it  should  develop 
more  quickly  in  the  innervated  kidneys. 

It  has  been  demonstrated  that  when  a 
buffer  (THAM'1')  is  infused  during  apneic  oxygenation 
caused  by  neuromuscular  blockade,  in  amounts 
sufficient  to  prevent  a  change  in  pH,  a  diuresis 
occurs.  This  diuresis  is  in  contrast  to  the  gradually 
developing  anuria  which  is  usually  seen  (69,  101,  102) . 
Blood  catecholamine  levels  never  increase  above  normal 
if  THAM  is  infused  during  apneic  oxygenation  (69) . 
However,  THAM  is  a  strong  osmotic  diuretic  (101,  110) 
and  the  fact  that  the  anuria  of  apneic  oxygenation  is 
prevented,  and  is  in  fact  turned  into  a  diuresis  by 
THAM,  does  not  rule  out  the  possibility  that  some 
factor  other  than  acidosis  is  involved  in  the  slowly 
developing  anuria  of  neuromuscular  block  apneic 
oxygenation . 

(b)  Rebreathing 

Few  experiments  have  been  performed  in 
which  renal  function  has  been  studied  while  increasing 
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inspired  CO2  by  rebreathing.  Shires  and  Eyer  (132) 
did  use  this  technique  in  one  series  of  experiments 
but  the  only  observation  they  report  is  that  when 
apnea  was  produced  from  carbon  dioxide  intoxication, 
anuria  followed  immediately.  They  report  that  apnea 
and  thus  anuria  occurred  with  carbon  dioxide  levels 
between  28  and  47%  in  the  inspired  air .  The  anuria 
was  abolished  by  renal  denervation. 

Dowd  et  al  (41)  studied  renal  hemodynamics 
using  standard  PAH  and  creatinine  clearance  techniques, 
while  increasing  carbon  dioxide  by  rebreathing.  They 
found  that  during  the  first  150  minutes  of  rebreathing 

(CO2  up  to  16%)  ,  there  was  very  little  change  detectable 
in  effective  renal  plasma  flow  (ERPF) .  However,  the 
glomerular  filtration  rate  (GFR)  progressively  declined 
resulting  in  a  decreased  filtration  fraction  (GFR/ERPF) . 
When  a  CC>2  content  of  19-20%  in  the  inspired  air  was 
reached,  ERPF  was  reduced  with  no  further  reduction 
in  G37R.  They  conclude  from  these  results  that  renal 
hemodynamic  changes  appeared  to  be  minimal  until  high 
CO2  levels  were  reached  and  that  there  was  no  evidence 
of  significant  renal  vasomotor  alterations  except  at 
the  highest  CO2  levels.  Their  results  are  questionable 
because  at  the  highest  carbon  dioxide  levels  attained, 
the  arterial  CO2  content  was  only  51.6  vol,%  which 
corresponds  to  a  Pcc>2  a^out  50  mm  Hg  which  is  not 
consistent  with  "high"  inspired  CO2 . 
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(c)  Inhalation  of  Gas  Mixtures  of  C02  and  02 

Several  authors  have  studied  renal  function 
while  their  experimental  animals  inhaled  gas  mixtures 
containing  carbon  dioxide  and  oxygen. 

Breathing  low  concentrations  of  C02  (5- 
1%)  has  been  shown  to  cause  a  diuresis  (8,  156) . 

It  is  agreed  that  this  diuresis  is  due  to  inhibition 
of  the  supraopticoneurohypophyseal  system  since  it  can 
be  abolished  by  the  administration  of  Pitressin  (8) . 

The  diuresis  of  hyperventilation  is  very 
similar  to#  but  greater  than  the  diuresis  of  negative 
pressure  breathing  (36) .  Hyperventilation  with  its 
characteristic  intrathoracic  pressure  changes,  is 
probably  involved  in  the  diuresis  of  low  inspired  C02 . 
Valtin  et  al  (156)  conclude  that  the  neurohypophysis  is 
not  being  influenced  by  way  of  the  left  atrial  stretch 
receptors  which  have  been  shown  to  cause  a  diuresis 
when  stimulated  by  an  increase  in  intrathoracic  blood 
volume  (60a) .  The  only  conclusions  as  to  the  mechanism 
involved,  is  that  it  is  a  non-osmotic  influence  on 
the  supraopticoneurohypophyseal  system  (156).  Higher 
concentrations  of  carbon  dioxide  than  the  above  are 
known  to  cause  an  anti-diuresis  and  a  reduction  in 
renal  blood  flow. 

Adolph,  in  1935  (2) ,  first  noted  a  relation¬ 
ship  between  urine  volume  and  carbon  dioxide  content  of 


1  ;  i  }  .  +  O  <  r:  -r  c»t  a  ) 


.  f  %  ;)  aj  b  :  i-,.-'  or!  v.  jrf,  :  -jacT  a.-;  (r'" 

I  ii  j.  oi  a.:  j  es'  u  o  ?  rid  j&u  -  -  a  dl 


f  -  V  -!  •  c  .  i  -  *  ■-  i*  .  ,r'~  /-v*4  r  . 


9  /aa9  cq  *J; sidru  otJlii'lt-r-  ' s  er. 


.  erfd  trA^  9f-x,  3i:c>o  <  *  1)  16  da  nidi r 7 


I  :*I  '  >  ‘yew  -<  -  •- i\ 

;&r>  k  .  nl  ir  -,:x£  •  /  if  il.  :  -ido.i.. 


io  a  ■:  .  )  ■:  :  .  (  ,u .' 

.  o  30  »is.  ini  djIqh  -ran  &  c.i  i,  d*;*Id  ax  bavlovni 


'  a£  -  ■  O  o  d  t<  j  d  ;  ,vn  . 


13  . 

the  inspired  air*  He  exposed  frogs  to  an  atmosphere 
of  30%  carbon  dioxide  in  oxygen  and  noted  either  a 
marked  reduction  in  urine  flow  or  complete  anuria. 

He  observed  blood  flow  in  the  glomeruli  directly, 
and  reported  that  a  reduction  in  glomerular  blood 
flow  was  related  to  a  decrease  in  urine  volume. 

However,  he  observed  that  blood  may  be  still  flowing 
through  glomeruli  while  urine  flow  has  ceased  completely. 

Brassfield  and  Behrmann  (22)  allowed 
dogs  to  breathe  various  mixtures  of  CO2  in  O2  (7-16%) 
spontaneously.  They  found  that  16%  CO2  caused  about 
a  50%  reduction  in  urine  flow,  if  the  initial  urine 
flow  was  high,  and  sometimes  complete  anuria,  if  the 
initial  urine  flow  was  lower.  Their  dogs  attained  an 
arterial  pH  of  7.08  on  16%  CO2. 

Similar  results  were  obtained  by  Franklin 
et  al  (48) ,  who  in  addition  to  noting  a  decrease  in 
urine  flow,  also  noted  a  marked  reduction  of  cortical 
blood  flow.  In  their  experiments,  carried  out  on 
rabbits,  the  cortex  was  observed  to  change  from  a 
pink  colour  to  white  within  seconds  of  the  beginning 
of  CO2  inhalation.  Many  other  workers  have  confirmed 
that  a  high  concentration  of  carbon  dioxide  causes  a 
reduction  in  renal  blood  flow.  They  used  a  variety 
of  methods  for  the  measurement  of  renal  blood  flow, 
e.g.,  direct  measurement  of  renal  venous  outflow  (142), 
PAH  clearance  (88) ,  electromagnetic  flow  probe  on  the 


.  . ' . 


14. 


renal  artery  (4,  24,  73)  and  an  electromagnetic  flow 
probe  on  the  renal  vein  (24) .  It  is  also  generally 
agreed  that  following  renal  denervation,  minimal 
changes  in  renal  blood  flow  occur  on  exposure  of 
the  animal  to  high  concentrations  of  carbon  dioxide 
(48,  73,  142) . 


Recently,  Simmons  and  Olver  (134)  made 
small  changes  in  acid-base  balance  in  dogs  (up  to  ± 

0.2  pH  units  and  one-half  or  double  control  Paco^ 
levels) .  With  an  electromagnetic  flowmeter  on  the 
left  renal  artery,  they  used  the  flows  obtained  to 
calculate  renal  vascular  resistance  (RVR) .  Increasing 


the  P 


C02 


always  resulted  in  a  decrease  in  RVR  which 


was  correlated  with  PaCQ^  but  not  with  pH. 

A  search  of  the  literature  has  confirmed 
the  statement  of  Kennedy  (70)  that  "systematic  and  well 
controlled  studies  on  the  effect  of  C02  on  renal 
perfusion,  vascular  resistance  and  glomerular  filtra¬ 
tion  rate  are  not  available". 


Nervous  Control  of  Renal  Blood  Flow 

The  existence  of  both  vasoconstrictor  and 
vasodilator  fibres  to  the  intrarenal  vessels  of  the 
kidney  has  been  recognized  since  the  classical  studies 
of  Bradford  in  1899  (20) .  In  the  dog,  vasoconstrictor 
fibres  to  the  kidney  leave  the  cord  in  the  anterior 
roots  of  segments  T6-T12,  most  being  concentrated  in 
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T10-T12.  These  fibres,  which  are  preganglionic, 
leave  the  sympathetic  chain  in  the  white  rami  by  way 
of  the  lesser  splanchnic  and  the  lowest  splanchnic 
nerves.  The  lesser  splanchnic  nerve  receives  fibres 
from  T9-T10  and  ends  in  the  aorticorenal  ganglion, 
while  the  lowest  splanchnic  nerve  receives  its  fibres 
from  the  last  thoracic  sympathetic  ganglion  and  terminates 
in  the  renal  plexus  (112) .  From  the  aorticorenal 
ganglion  and  the  renal  plexus,  postganglionic  fibres 
enter  the  hilum  of  the  kidney,  mostly  in  close 
association  with  the  renal  arteries.  The  function  of 
the  vasodilator  fibres  identified  by  Bradford  (20) , 
has  not  been  determined.  The  intrarenal  distribution 
of  the  vasomotor  fibres  is  unknown.  The  nerve  supply 
to  the  kidney  is  very  profuse  (20) .  Von  Euler  (158) 
has  pointed  out  that  the  renal  noradrenaline  concentra¬ 
tion  is  3-4  times  that  of  the  liver  and  almost  twenty 
times  greater  than  skeletal  muscle,  which  is  an 
indication  of  a  large  number  of  sympathetic  nerve 
endings  in  the  kidney. 

Carbon  Dioxide  and  the  Sympatho-Adrenal  System 

The  autonomic  nervous  system  is  a  very 
important  element  in  the  determination  of  the  final 
response  to  a  change  in  carbon  dioxide  environment. 

The  nature  of  the  system  leads  to  complex  reactions 
which  are  further  complicated  by  direct  effects  of 
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carbon  dioxide  on  the  mechanism  or  organ  under  study. 

The  sympathetic  nervous  system  is  activated  by  increased 
carbon  dioxide  in  an  orderly  and  progressive  way,  but 
antagonistic  systems  are  also  initiated  which  ensure 
a  graded  response.  For  example,  an  increase  in  carbon 
dioxide  results  in  an  excitation  of  the  sympatho-adrenal 
system  both  by  central  nervous  system  pathways  and  by  a 
less  important  direct  action  on  the  adrenal  medulla. 

At  the  same  time  there  are  parasympathetic  effects 
due  both  to  central  action  and  peripheral  inhibition 
of  acetylcholinesterase.  The  effector  response  to  the 
increased  level  of  circulating  adrenaline  in  the  blood 
is  attenuated  by  the  acidosis  (or  hypercapnia) .  However 
the  adrenaline  stimulates  the  anterior  pituitary, 
which  in  turn  brings  about  a  release  of  adrenal  cortical 
hormones  which  tend  to  restore  the  activity  of  the 
adrenaline . 

Exposure  of  an  animal  to  slightly  elevated 
carbon  dioxide  levels  (5-7%) ,  causes  the  total  peripheral 
resistance  to  increase.  This  is  concluded  from  the 
fact  that  the  blood  pressure  increases  with  little 
or  no  change  in  cardiac  output.  The  heart  rate 
usually  increases  slightly,  depending  upon  the  carotid 
sinus  reflex.  This  cardiac  acceleration  is  still  seen 
after  both  vagi  have  been  cut,  but  is  not  seen  after 
section  of  the  cardiac  sympathetic  fibres  (89) .  Also, 
the  blood  pressure  response  to  mild  elevations  in 
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carbon  dioxide  is  completely  abolished  after  sympa¬ 
thectomy  (7)  . 

Low  levels  of  carbon  dioxide  have  there¬ 
fore  been  shown  to  activate  only  the  sympathetic 
nervous  system.  The  adrenal  medulla  does  not 
participate  in  this  response.  An  increase  in 
blood  catecholamine  concentration  has  never  been 
detected  after  exposure  to  low  levels  of  carbon 
dioxide.  Both  Tenney  (145)  and  Honig  and  Tenney  (162) 
showed  that  the  threshold  level  for  the  appearance 
of  catecholamines  in  the  blood  is  a  concentration  of 
15%  carbon  dioxide  in  the  inspired  air.  They  also 
demonstrated  that  adrenalectomy  in  no  way  modifies 
the  cardiovascular  response  to  6%  carbon  dioxide  in 
the  inspired  air. 

Higher  concentrations  of  carbon  dioxide 
initiate  the  release  of  catecholamines  from  the 
adrenal  medulla,  and  probably  from  other  sources  of 
chromaffin  tissue  in  the  body.  Early  workers  (30,  67) 
inferred  from  their  observations  of  the  effects  of  high 
concentrations  of  carbon  dioxide  on  the  cardiovascular 
system,  that  adrenaline  was  probably  released  by  high 
levels  of  carbon  dioxide.  However,  this  could  not  be 
confirmed  because  bioassay  methods  failed  to  show 
any  increase  in  circulating  adrenaline  (30,  50). 

This  early  failure  to  demonstrate  an  increase  in  adrenaline 
levels  in  the  blood  was  probably  due  to  either:  (i)  a 
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failure  to  reach  a  threshold  concentration  of  carbon 

dioxide  in  the  blood  (50) ,  or  (ii)  to  a  depression 

\ 

of  sensitivity  of  the  bioassay  method,  with  the 
stimulating  adrenaline  effect  being  masked  by  the 
rising  hydrogen  ion  concentration  (64) .  However,  when 
the  denervated  nictitating  membrane  was  used  as  a 
sensing  device,  adrenal  medullary  response  was  shown 
to  occur  after  six  to  eight  minutes  of  apneic  oxygenation 
(146).  It  was  also  observed  when  the  alveolar  carbon 
dioxide  concentration  was  acutely  increased  to  between 
10  and  15%  by  breathing  carbon  dioxide  mixtures  (145) . 
Using  direct  chemical  methods,  Richardson  and  Woods 
(119)  detected  increased  blood  catecholamine  levels 
in  dogs  following  breathing  of  25%  carbon  dioxide. 
Similarly,  Millar  (93)  measured  increased  adrenaline 
following  30  minutes  of  apneic  oxygenation  and  also 
showed  that  the  level  of  noradrenaline  remained 
relatively  low.  It  is  interesting  to  note  that  a 
significant  increase  in  adrenaline  did  not  occur  until 
the  PacQ2  was  over  175  mm  Hg  and  the  pH  was  below  6.8 
(93)  . 

It  is  generally  accepted  that  the  increase 
in  PaC02  and  not  the  decrease  in  pH  is  the  stimulus 
for  the  sympathetic-adrenal  response.  Tenney  (145) 
observed  that  comparable  adrenaline  release  was 
obtained  from  a  stimulus  of  increased  carbon  dioxide 
whether  or  not  sufficient  bicarbonate  was  infused  to 
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prevent  a  decrease  in  blood  pH.  Also,  several 
authors  (37,  58,  67)  have  observed  that  the  cardio¬ 
vascular  response  to  CO2  is  more  dramatic  than  the 
response  to  a  comparable  level  of  metabolic  acidosis. 

The  location  of  the  receptor  site  which 
responds  to  increased  carbon  dioxide  in  terms  of  the 
cardiovascular  response  is  still  not  completely  settled. 
The  adrenal  medulla  is  stimulated  directly  only  with 
very  high  levels  of  carbon  dioxide  (147) .  In  dogs, 
a  maximum  cardiovascular  response  to  increased  CC>2 
is  seen  only  with  intact  medullary  centers  (30) . 

Further  evidence  that  the  cardiovascular 
response  to  increased  carbon  dioxide  is  due  primarily 
to  activation  of  the  sympathetic  nervous  system  and 
not  to  direct  stimulation  of  the  adrenal  medulla  is 
given  by  the  experiments  of  Honig  and  Tenney  (62)  and 
Mathison  (87) .  They  showed  that  the  cardiovascular 
response  to  carbon  dioxide  is  almost  completely  depressor 
if  the  spinal  cord  is  destroyed.  Tenney  (145)  found 
that  only  with  very  high  levels  of  CO2  (30%) ,  was 
there  evidence  of  an  adrenal  medullary  response  in 
an  animal  with  its  spinal  cord  destroyed. 

Carotid  and  aortic  chemoreceptor  areas 
are  of  particular  importance  in  the  cardiovascular 
responses  to  CO2  in  the  dog  (62) .  These  responses 
are  mediated  by  the  sympathetic  nervous  system  (147) . 

In  1935,  Samaan  and  Stella  (121),  while  recording 
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from  a  branch  of  the  sinus  nerve  containing  no 
baroreceptor  fibres,  showed  an  increase  in  chemo- 
receptor  activity  if  the  arterial  pCC>2  was  increased 
above  35  mm  Hg.  Others  have  extended  these  studies 
and  obtained  pure  chemoreceptor  preparations  in  which 
they  showed  some  chemoreceptor  activity  at  CO2  tensions 
below  30  mm  Hg  (159) . 

Sympathetic  nervous  system  excitation 
and  adrenal  medullary  discharge  are  the  most  important 
mechanisms  behind  the  cardiovascular  response  to  hyper¬ 
capnia.  However,  the  overall  response  observed  is 
attenuated  by  the  acidosis  and  hypercapnia,  even 
though  these  are  the  stimuli  which  evoke  it.  Part 
of  the  attenuation  of  the  cardiovascular  response  to 
hypercapnia  is  due  to  activation  of  the  parasympathetic 
nervous  system.  This  parasympathetic  activation  is 
probably  both  central  and  peripheral.  Young  et  al  (165) 
and  Bohr  and  Helmendach  (17)  reported  increased  vagal 
activity  with  increasing  carbon  dioxide  levels.  When 
the  difference  in  heart  rate  response  to  hypercapnia 
is  compared  in  intact  and  vagotomized  dogs,  Mithoefer 
and  Kazemi  (94)  conclude  that  about  60%  of  the 
bradycardia  response  to  hypercapnia  is  centrally 
mediated  with  vagal  transmission,  and  what  remains 
of  the  response  is  either  still  of  central  origin 
with  a  different  transmission  path  or  is  mediated 
peripherally.  The  fact  that  the  spinal  dog  responds 
in  the  same  way  as  does  the  vagotomized  animal  indicates 
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that  the  remaining  response  is  probably  peripheral 
(94) .  It  has  been  shown  that  carbon  dioxide, 
through  its  acidifying  effect,  decreases  the 
velocity  of  acetylcholine  hydrolysis  by  acetyl¬ 
cholinesterase  (100) .  This  would  result  in  a 
prolonged  action  of  any  quanta  of  acetylcholine 
released,  resulting  in  an  increase  in  parasympa¬ 
thetic  activity. 

Another  factor  which  attenuates  the 
sympatho-adrenal  response  is  the  reduced  effect 
of  adrenaline  and  noradrenaline  on  the  cardio¬ 
vascular  system  during  hypercapnia.  This  effect, 
which  has  been  seen  by  many  workers  on  several 
systems,  is  thought  by  some  to  be  entirely  dependent 
upon  the  acidosis  and  not  the  increased  carbon 
dioxide  (120,  138,  145) .  However  Bygdema  and  von 
Euler  (29) ,  Tobian  et  al  (152)  and  Nash  et  al  (104) 
favour  the  viewpoint  that  with  respect  to  vascular 
smooth  muscle,  the  increase  in  carbon  dioxide  is 
more  important  than  the  decrease  in  pH  in  the 
attenuation  of  the  vasoconstrictor  response  to 
noradrenaline.  Nash  et  al  studied  the  reduced 
response  of  isolated  vascular  smooth  muscle  to 
noradrenaline  during  periods  of  high  Pcq^  t'*rie  ^ath 
medium.  They  studied  the  site  of  action  of  this 
hypercapneic  depression  and  concluded  that  it  acted 
at  some  intermediate  stage  between  the  drug-receptor 
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and  the  contractile  mechanism,  perhaps  the  coupling 
reaction  between  the  receptor  and  the  contractile 
mechanism .  They  postulate  that  high  carbon  dioxide 
may  depress  the  responses  to  submaximal  doses  of 
noradrenaline  by  influencing  the  availability  of 
calcium  for  the  contraction.  This  could  perhaps 
explain  the  attenuation  of  the  sympathetic  nervous 
system  response  to  hypercapnia  as  noradrenaline  is 
thought  to  be  the  sympathetic  post-ganglionic 
transmitter  substance. 

The  sympathetic  response  to  hypercapnia 
is  probably  somewhat  attenuated  by  the  high  carbon 
dioxide.  However,  once  the  carbon  dioxide  level  is 
high  enough  to  stimulate  adrenal  medullary  secretion, 
other  defence  mechanisms  are  mobilized  to  combat 
the  attenuation  of  the  cardiovascular  response  to 
adrenaline.  This  mobilization  is  the  result  of  the 
increased  adrenaline,  and  not  the  direct  effects  of 
high  carbon  dioxide  on  the  adrenal  cortex  (118) .  The 
anterior  pituitary  secretes  ACTH  either  by  direct 
action  of  adrenaline  on  the  anterior  pituitary  (84) , 
or  by  a  combination  of  a  direct  and  neural  activation 
by  way  of  the  hypothalamus  (98) ,  although  the  exact 
mechanism  is  not  clear.  When  the  carbon  dioxide 
level  is  high  enough  to  stimulate  the  adrenal 
medulla,  the  adrenal  cortex  is  also  activated.  This 
is  probably  part  of  the  general  response  of  the 
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animal  to  a  stressful  situation.  The  result  of  this 
increase  in  adrenal  cortical  hormone  level  is  that 
the  threshold  for  the  action  of  adrenaline  is 
lowered  (147) ,  thus  reducing  the  attenuation  produced 
by  the  hypercapnia  on  the  adrenaline  response. 

Probably  of  greater  importance  in  the 
increase  in  smooth  muscle  responsiveness  to  adrenaline 
is  the  large  increase  in  serum  potassium  (16).  Serum 
potassium  rises  during  acute  exposure  to  high  concen¬ 
trations  of  carbon  dioxide  (25,  85) .  In  addition, 
partly  due  to  a  direct  carbon  dioxide  effect  on  the 
hepatic  cells,  but  mostly  through  the  liberation  of 
adrenaline,  high  concentrations  of  carbon  dioxide 
release  glucose  from  the  liver  (46) .  Potassium 
moves  with  the  glucose  and  accounts  for  the 
observed  rise  in  serum  potassium.  If  the  carbon 
dioxide  level  is  below  the  threshold  for  adrenal 
medullary  activation,  the  serum  potassium  usually 
decreases  (46) .  The  increased  potassium  is  thought 
to  increase  the  response  of  smooth  muscle  to 
adrenaline  (27,  49). 

The  Kidney  and  the  Sympatho-Adrenal  System 

It  has  been  well  established  by  many 
investigators  (3,  35,  63,  139)  that  adrenergic 

stimuli  such  as  renal  nerve  stimulation  or  administra¬ 
tion  of  adrenaline  produces  intense  vasoconstriction 
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of  the  renal  vasculature.  The  precise  site  or  sites 
along  the  complex  renal  vascular  network  which 
participate  in  adrenergic  vasoconstriction  have  yet 
to  be  determined  conclusively. 

Using  isolated  dog  kidneys,  Worthen 
et  al  (164)  concluded  that  the  primary  vascular 
effect  of  adrenaline  is  presumably  on  the  afferent 
arterioles.  When  they  infused  adrenaline  they  found 
no  consistent  diuresis,  no  increase  in  kidney  weight, 
a  decrease  in  blood  flow,  and  a  decrease  in  GFR. 

Moyer  and  Handley  (96)  agree  that  adrenaline  acts 
primarily  on  the  afferent  arteriole. 

Conversely,  the  efferent  arteriole  was 
said  to  be  the  site  of  adrenaline  action  by  Winton 
(163)  and  Richards  and  Plant  (117),  both  sets  of 
workers  using  perfused  kidneys. 

The  effects  of  noradrenaline  infusion 
were  studied  on  intact  dog  kidneys  by  Blake  (14), 
and  no  evidence  was  found  for  either  afferent  or 
efferent  arteriolar  constriction  since  no  change  in 
GFR  was  observed.  From  his  observations  (a  decrease 
in  free  water  clearance)  Blake  concludes  that 
noradrenaline  may  augment  medullary  flow  at  the 
expense  of  cortical  nephrons. 

During  adrenaline  infusion  in  dogs,  Aukland 
(5)  found  that  the  effective  renal  plasma  flow  (CpAH) 
decreased  markedly,  while  GFR  remained  unaltered  or 
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decreased  slightly.  Noradrenaline,  on  the  other  hand, 

had  no  consistent  effect  on  c  ,  while  GFR  remained 

PAH 

unaltered  or  increased  slightly. 

Smith  et  al  (137)  reported  that  adrenaline 
administration  in  man  brought  about  a  prominent 
increase  in  renal  venous  resistance.  They  proposed 
that  venous  constriction  increased  peritubular 
capillary  pressure  which  would  in  turn  decrease  the 
reabsorption  of  tubular  fluid  and  result  in  renal 
swelling.  Zimmerman  et  al  (166)  recently  reinvestigated 
the  contribution  that  the  renal  venous  resistance 
makes  to  the  total  renal  resistance  change  seen  with 
catecholamines.  They  conclude  that  the  arterial  side 
of  the  kidney  possesses  a  much  greater  constrictor 
capacity  than  does  the  venous  side  and  that  renal 
vasomotor  adjustments  are  made  mainly  on  the  arterial 
side  of  the  vascular  bed.  It  is  postulated  that  the 
renal  venous  resistance  changes  which  do  occur  are 
due  to  renal  "effluent"  constrictions  at  the  arcuate- 
interlobar  vein  boundary  (166) .  Anatomical  evidence 
for  such  structures  has  been  described  by  Koester, 

Locke  and  Swann  (74) . 

De  Maria  et  al  (39)  found  that  an 
intravenous  injection  of  adrenaline  caused  an  intense 
constriction  of  the  renal  arteries  proximal  to  or 
at  the  first  major  bifurcation  as  visualized  with 
angiography  and  cineradiography.  In  one-quarter 
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of  the  dogs,  the  renal  artery  constriction  was 
noted  to  occur  within  one  to  one  and  one-half 
centimeters  of  their  aortic  origin.  The  renal 
arteries  proximal  to  the  constricted  zone  were 
dilated.  Although  they  call  their  dose  of  adrenaline 
"pharmacological",  they  state  that  similar  changes 
have  been  observed  in  humans  who  suffered  from  acute 
apprehension  during  the  test  period. 

Brody  and  Fischer  (23)  employed  a 
technique  similar  to  that  of  De  Maria  et  al  (39)  but 
perfused  the  kidneys  at  constant  flow.  They  compared 
the  effects  of  direct  renal  nerve  stimulation  with 
an  infusion  of  catecholamines  administered  at  a  rate 
sufficient  to  produce  an  increase  in  perfusion 
pressure  equal  to  that  produced  by  the  renal  nerve 
stimulation.  Electrical  stimulation  of  the  renal 
sympathetic  nerves  produced  vasoconstriction  of  the 
larger  renal  vessels,  i.e.,  the  major  renal  and  inter¬ 
lobar  arteries.  Similar  findings  in  rabbits  have 
been  reported  by  Trueta  et  al  (153) ,  although  the 
stimulation  used  by  these  workers  was  far  more 
intense  than  that  used  by  Brody  and  Fischer  (23) . 

The  implication  of  these  results  is  that  a  considerable 
portion  of  the  total  resistance  change  induced  by 
nerve  stimulation  in  the  kidney  may  occur  at  sites 
other  than  the  small  vessels.  However,  adrenaline 
or  noradrenaline  infusions  into  the  renal  arteries  (23) , 
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caused  dilatation  of  the  renal  and  interlobar  aretries, 
as  opposed  to  constriction  noted  with  the  nerve 
stimulation.  This  dilatation  was  undoubtedly 
passive  in  nature  and  probably  occurred  as  a  result 
of  intense  vasoconstriction  downstream  in  the  smaller 
arterial  segments  (23) .  Similar  observations  for  the 
catecholamines  have  been  reported  by  Voudoukis  and 
Boucek  ( 160)  . 

It  is  interesting  to  speculate  why  the 
effects  of  noradrenaline  released  from  the  nerve 
terminals  should  be  different  from  noradrenaline 
circulating  in  the  blood.  Since  Abrams  et  al  (1) 
in  dogs,  and  Trueta  and  associates  (153)  in  the  rabbit, 
have  shown  that  large  doses  of  catecholamines  are 
capable  of  constricting  the  large  intrarenal  vessels, 
it  may  be  that  the  lack  of  effect  on  large  vessels 
seen  by  Brody  and  Fischer  (23)  results  primarily 
from  inability  of  the  catecholamines,  in  low,  but 
otherwise  effective  concentrations,  to  diffuse  to  the 
receptor  sites.  A  second  possible  contributing 
factor  to  the  above  difference  might  be  that  the 
infusion  of  noradrenaline  has  a  more  profound  effect 
on  venous  segments  than  does  nerve  stimulation  as 
is  suggested  by  the  study  of  Zimmerman  et  al  (166) . 

Regardless  of  the  mechanism  responsible 
for  the  different  patterns  of  intrarenal  vaso¬ 
constriction  obtained  by  catecholamine  infusion  and 
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nerve  stimulation,  it  is  suggested  that  the 
intrarenal  hemodynamics  may  be  controlled  by  the 
sympathetic  nervous  system  in  two  ways.  Reflex 
activation  of  the  renal  sympathetic  nerves  might  be 
expected  to  constrict  the  larger  vessels  within  the 
kidney,  whereas  catecholamines  released  from  the 
adrenal  medulla,  and  carried  in  the  blood,  might  be 
expected  to  affect  primarily  the  small  vessel  segments. 

Renal  Circulation 

The  following  brief  description  of  the 
anatomical  aspects  of  the  renal  circulation  is  taken 
from  Selkurt  (126). 

The  renal  artery  divides  into  interlobar 
arteries  which  subdivide  into  primary,  secondary  and 
tertiary  arcuate  arteries  from  which  spring  inter¬ 
lobular  arteries.  The  afferent  arterioles  arise  from 
these.  In  the  dog,  the  afferent  arterioles  usually 
supply  one  glomerulus,  but  rarely  may  branch  to 
supply  two  to  four  glomeruli,  with  a  total  of  200,000 
glomeruli  per  kidney. 

The  glomerular  capillaries  converge  on 
the  efferent  arterioles,  then  branch  into  a  second 
capillary  bed  around  the  convoluted  tubules,  which 
drains  into  the  interlobular  veins.  These  lead 
into  the  arcuate  veins,  then  the  interlobar  veins, 
and  finally  into  the  renal  vein. 
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The  glomeruli  and  associated  tubules 
which  lie  deep  in  the  cortex  adjacent  to  the  medulla 
( j uxtamedul lary  glomeruli)  have  distinctive  modifica¬ 
tions  of  their  circulation  compared  with  the  cortical 
glomeruli  and  nephrons.  The  j uxtamedullary  glomeruli 
are  typified  by  long  loops  of  Henle  dipping  into 
the  medullary  zone  and  papillary  portions  of  the 
kidney,  and  have  associated  modified  vascular 
structures.  The  efferent  arterioles  from  these 
glomeruli  not  only  break  up  into  the  typical 
capillary  supply  to  the  convoluted  portions,  but 
also  form  long  hairpin  loops  of  thin-walled  blood 
vessels,  the  vasa  recta,  which  accompany  the  loops 
of  Henle.  Although  thin-walled,  their  diameter 
is  several  times  greater  than  that  of  the  typical 
peritubular  capillary. 

Renal  Blood  Flow 

The  accurate  measurement  of  renal  blood 
flow  is  very  difficult.  At  the  present  time  several 
methods  of  measurement  are  used. 

(a)  Total  Blood  Flow  Measurement 
(i)  Direct  Measurement 

Renal  blood  flow  has  been  measured  directly 
many  times.  The  usual  appraoch  is  to  cannulate  the 
renal  vein  either  directly  (125) ,  or  by  means  of  a 
long  cannula  passed  from  the  jugular  vein,  into  the 
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inferior  vena  cava  and  then  into  a  renal  vein  (91, 

103) .  The  renal  venous  outflow  is  then  measured 
directly  either  by  a  timed  collection  into  a 
graduated  cylinder  (128) ,  or  it  is  run  through  a 
flowmeter  (91,  103,  125).  In  recent  years,  the 
noncannulating  electromagnetic  flow  meter  applied 
to  the  renal  artery  (24,  73,  92,  128)  and  the  renal 
vein  (24)  has  been  very  useful  in  the  measurement  of 
renal  blood  flow. 

(ii)  Indirect  Methods 

Several  indirect  methods  are  available 
for  the  measurement  of  the  total  renal  blood  flow. 

In  1953,  Conn  et  al  (34)  adapted  the  indirect  Pick 
inert  gas  method  for  the  kidney,  which  was  first 
developed  by  Kety  and  Schmidt  (71)  for  the  measurement 
of  cerebral  blood  flow  with  nitrous  oxide.  The  ease 
of  analysis  was  subsequently  increased  when  the 
radioactive  gas  Krypton®-*  was  substituted  for  nitrous 
oxide  (26,  51) „  Recently,  this  method  has  been 
critically  evaluated  by  Renner  et  al  (113).  In  general, 
errors  result  because  the  very  small  arteriovenous 
difference  in  concentration  of  the  inert  gas  make 
it  difficult  to  determine  accurately  the  time  of 
final  equilibrium  between  arterial  and  venous  concen¬ 
tration  „ 

A  very  interesting  and  apparently  accurate 
method  has  recently  been  developed  by  Aukland  and  his 
associates  (6) .  This  method  measures  the  rate  of  H2 
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desaturation  of  the  kidney  using  two  catheter 
electrodes,  one  situated  in  an  artery  and  the 
other  in  the  renal  vein. 

(b)  Intrarenal  Blood  Flow  Distribution 
(i)  Miscellaneous  Methods 

Much  interest  during  the  past  decade  has 
been  focused  on  the  distribution  of  blood  flow 
within  the  kidney. 

Measurement  of  separate  cortical  and 
medullary  blood  flow  offers  many  technical  and/or 
theoretical  difficulties.  The  method  of  Kramer, 
Thurau  and  Deetjen  (77)  is  one  of  those  which  is 
technically  difficult.  They  calculated  regional 
blood  flow  by  means  of  local  blood  volume  and  local 
circulation  time.  Circulation  times  of  blood  in  the 
cortex  and  the  outer  and  inner  medulla  were  taken 
from  dye-dilution  curves  in  these  areas,  recorded 
simultaneously  after  a  single  injection  of  Evans 
blue  or  Cardio  green  dye  into  the  renal  artery. 
Recordings  were  taken  by  small  photoelectric  probes 
placed  on  the  cortical  surface  and  on  one  side  of 
the  papilla  or  further  up  into  a  calyx.  In  the 
cortex,  a  photoelectric  ref lectometer  was  pierced 
under  the  capsule,  while  the  medullary  photocells 
received  light  transmitted  from  a  small  tungsten 
bulb  at  the  end  of  a  hypodermic  needle  pierced 
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through  the  tissue.  The  results  of  this  method 
give  values  in  terms  of  total  blood  flow  as  follows: 
cortex  87-8%,  outer  medulla  11.3%,  and  inner  medulla 
0.9%  (77,  154) . 

An  excellent  method  has  been  developed 

by  Thorburn  et  al  (149) ,  making  use  of  the  disappearance 

8  5  8  5 

of  Kr°  .  In  contrast  to  other  methods  using  Kr  D 

(26,  51)  which  require  both  renal  arterial  and  renal 
venous  catheters,  and  the  collection  of  serial  blood 
samples,  Thorburn 1 s  method  requires  only  the  catheter¬ 
ization  of  a  renal  artery  with  no  blood  sampling. 

After  a  single  injection  of  Kr®^  into  the  renal 
artery,  the  disappearance  curve  of  the  gamma 
emmission  is  monitored  with  a  scintillation  probe 
placed  on  the  body  surface  above  the  kidney.  The 
decay  curves  obtained  in  the  kidney  were  nonexponential 
in  contrast  to  other  organs,  but  they  could  be  described 
by  a  series  of  exponential  curves,  each  associated 
with  different  blood  flow  rates  through  localized 
regions  of  the  kidney.  Four  regions  could  be 
differentiated:  (1)  cortex,  (2)  juxtamedullary  cortex 
and  outer  medulla,  (3)  inner  medulla,  and  (4)  perirenal 

and  hilar  fat.  Because  the  removal  of  a  highly 

8  5 

diffusible  substance  such  as  Kr  is  affected  by 
the  counter-current  exchange  mechanism  between  the 
descending  and  ascending  limbs  of  both  the  vasa  recta 
and  loops  of  Henle,  flow  values  for  inner  and  outer 
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medulla  are  probably  lower  than  the  actual  values. 
However,  using  this  method,  the  values  obtained  are 
of  the  same  order  of  magnitude  as  those  found  by 
Kramer  et  al  (77)  .  Average  blood  flows  as  calculated 
by  this  method  are  as  follows:  compartment  I  (renal 
cortex)  73.5%,  compartment  II  ( juxtamedullary  cortex 
and  outer  medulla)  20.6%,  compartment  III  (inner 
medulla)  2.6%,  and  compartment  IV  (hilar  and  perirenal 
fat)  3.3%. 

Lilienfield  et  al  (81)  measured  the 

131 

rate  of  accumulation  of  I  -albumin  in  the  renal 
papilla.  Although  their  average  value  for  medullary 
blood  flow  agreed  well  with  that  reported  by  Kramer 
et  al  (77),  their  method  has  several  disadvantages. 

The  data  are  extremely  variable  with  a  wide  spread, 
and  the  method  necessitates  the  removal  and  freezing 
of  the  kidney  so  duplicate  determinations  on  the 
same  kidney  are  impossible. 

Ochwadt  (105)  fractionated  renal  blood 

flow  into  three  compartments  by  measuring  the  rate 

51 

of  washout  of  blood  containing  Cr  -tagged  red  cells 
and  I 13 1-albumin .  This  method  again  gives  values 
for  the  intrarenal  distribution  of  blood  flow  that 
agree  with  those  of  previous  workers  (77,  81,  149) 
but  is  applicable  only  to  isolated  kidneys  in  which 
recirculation  can  be  prevented. 

The  dye-dilution  technique  was  used 
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by  Reubi  et  al  (115)  and  by  Cohn  and  Combos  (33) 
for  renal  blood  flow  measurement  in  man.  They 
made  a  single  injection  of  a  known  quantity  of  dye 
(Evans  blue  or  Cardio  green)  into  one  renal  artery 
and  recorded  the  dye  concentration  from  the  renal 
venous  blood.  The  last  part  of  the  dye-dilution 
curve  showed  a  nonexponential  slope  which,  according 
to  Reubi  et  al  (115),  can  be  used  to  calculate  the 
medullary  blood  flow  rate.  However,  this  calculation 
is  sometimes  difficult  because  recirculating  dye 
affects  the  last  part  of  the  dilution  curve. 

(ii)  PAH  and  Hippuran  Clearance  and  Extraction 
In  the  mammalian  kidney,  secretion  of 
an  organic  compound  can  be  attributed  to  one  of 
two  major  systems  of  the  proximal  tubule,  the 
organic  acid  (or  hippurate)  system  (140)  and  the 
organic  base  system  (107) .  This  assignment  of 
compounds  into  one  or  the  other  system  is  based 
largely  on  experiments  demonstrating  "competition" 
for  secretory  pathways.  If  two  compounds  are 
secreted,  and  if  each  can  depress  the  secretion  of 
the  other,  this  is  usually  interpreted  as  indicating 
competition  for  a  common  secretory  mechanism.  So 
many  diverse  compounds  are  transported  by  the  organic 
acid  tubular  secretory  mechanism  that  it  has  not 
been  possible  to  define  any  minimal  structural 
requirement  other  than  the  compound  must  be  an  organic 


35. 


acid  (162) „  It  has  been  established  that  para- 
aminohippuric  acid  (PAH) ,  sodium  hippurate  and 
o-iodohippurate  all  share  the  organic  acid  excretory- 
pathway  (43,  57,  136,  162). 

The  term  "clearance"  was  first  used  in 
connection  with  the  excretion  of  urea  by  Moller,  McIntosh 
and  Van  Slyke  in  1929  (95) „  They  defined  it  as  "the 
volume  of  blood  that  one  minuteb  excretion  of  urea 
suffices  to  clear  of  urea  (UV/B)".  Since  all  the 
blood  flowing  through  the  kidney  is  partially  cleared 
of  urea,  this  is  a  virtual  rather  than  a  real  volume. 

No  attempt  was  made  to  explain  urea  clearance  in 
terms  of  any  particular  process  in  the  kidney  (95) . 

Since  1931,  when  Jolliffe  and  Smith  (68)  extended 
the  concept  of  clearance  to  the  excretion  of 
creatinine,  it  has  been  widely  used  to  describe  the 
excretion  of  other  substances.  If  the  concept  of 
clearance  is  used  to  measure  glomerular  filtration, 

i.e.,  the  volume  in  ml/min  which  is  filtered  through 
the  glomeruli,  the  substance  selected  must  fulfil 
certain  specifications  (135): 

1.  It  must  be  completely  filterable  at  the  glomerulus. 

2.  It  must  not  be  synthesized  or  destroyed  by 
the  tubules. 

3.  It  must  not  be  reabsorbed  or  secreted  by  the 
tubules . 

4.  It  must  be  physiologically  inert. 
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5»  It  must  be  capable  of  being  determined  accurately 
in  the  plasma  and  urine. 

Inulin  has  been  shown  to  fulfill  these 
specifications  in  the  dog  (130)  and  man  (129) ,  and 
creatinine  does  in  the  dog  (130).  The  clearance  of 
these  substances  is  therefore  said  to  measure  the 
glomerular  filtration  rate  in  these  species. 

The  fact  that  the  clearance  of  a 
substance  is  less  than  the  simultaneously  measured 
inulin  clearance  is  taken  as  evidence  that  the 
substance  is  undergoing  tubular  reabsorption. 

Similarly,  if  the  clearance  is  greater  than  the 
inulin  clearance,  the  substance  is  said  to  be 
undergoing  tubular  secretion,  as  long  as  the  substance 
is  not  being  synthesized  by  the  kidney  (135) .  After 
examining  the  clearance  of  a  great  number  of 
substances,  Smith  and  his  associates  (136)  found 
that  certain  organic  acids,  e.g.,  PAH  and  phenol 
red,  had  identical  and  maximal  clearances  with  respect 
to  the  inulin  clearance. 

If  plasma  is  completely  cleared  of  a 
substance  in  one  passage  through  the  kidney,  then 
the  clearance  of  that  substance  would  be  a  measure 
of  the  renal  plasma  flow  and  its  extraction  ratio 
(131),  (A-V)/A,  would  be  1.0.  While  no  substance 

has  been  discovered  having  an  extraction  ratio  of 
1.0,  the  clearance  of  organic  acids  such  as  phenol 
red,  diodrast,  hippuran  and  its  derivatives,  which 
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have  extraction  ratios  up  to  0.9,  are  said  to 
measure  the  "effective  renal  plasma  flow",  that  is, 
the  renal  plasma  flow  which  perfuses  functional 
renal  tissue.  It  is  Smith's  opinion  (135)  that 
in  man,  with  an  extraction  ratio  of  0.9  for  diodrast 
or  hippuran,  that  the  10%  of  the  total  blood  flow 
not  cleared  of  these  substances  represents  the  flow 
to  non-functional  renal  tissue  such  as  the  capsule 
and  perirenal  fat. 

In  1958,  using  stop-flow  techniques, 
Malvin  et  al  (86)  found  that  the  site  of  para- 
aminohippuric  acid  (PAH)  secretion  was  confined  to 
the  proximal  convoluted  tubule  only.  Previously, 
Taggart  (143)  had  demonstrated  that  when  kidney 
slices  were  suspended  in  a  solution  containing  PAH, 
the  accumulation  of  PAH  occurred  only  in  the  cortex, 
slices  of  medulla  being  completely  inactive.  On 
this  basis,  in  1958,  Reubi  (114)  proposed  that  not 
only  total  renal  plasma  flow  but  also  the  distribution 
of  plasma  flow  within  the  kidney  could  be  approximated 
from  the  clearance  and  extraction  of  PAH. 

Reubi  proposed  that  the  incomplete 
extraction  of  PAH  results  from  an  admixture  of  two 
flows;  the  clearing  or  cortical  flow,  from  which  PAH 
is  100%  extracted,  and  the  nonclearing  or  medullary 
flow  from  which  no  PAH  is  extracted.  The  cortical 
flow  includes  flow  to  proximal  convolutions  of  both 
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cortical  and  juxtamedullary  nephrons,  while  medullary 
flow  includes  flow  to  loops  of  Henle,  the  collecting 
ducts  and  inert  tissue.  Basic  assumptions  are  that 
only  the  convoluted  portions  of  the  proximal  tubules 
secrete  PAH  and  that  the  cortical  interstitial  fluid 
constitutes  a  single  well  mixed  compartment  (109). 

In  the  normal  dog,  the  renal  extraction 
ratio  of  PAH,  while  variable  often  lies  around  0.85 
(108).  According  to  Kramer's  photoelectric  measurements 
(77) ,  the  cortical  blood  flow  in  the  dog  is  about 
85%  of  the  total  blood  flow,  while  10-15%  flows 
through  the  outer  zone  of  the  medulla  and  1-2% 
through  the  inner  papillary  zone.  These  figures  seem 
to  support  the  hypothesis  that  under  normal  conditions 
the  blood  flowing  through  the  renal  cortex  is  entirely 
cleared  of  low  concentrations  (below  Tmax)  of  PAH, 
while  the  PAH  content  of  the  medullary  blood  remains 
unchanged  (114).  If  this  assumption  is  correct, 
the  PAH  extraction  ratio  should  depend  on  the  ratio 
between  cortical  and  medullary  flow.  An  increase 
in  medullary  flow  without  change  in  cortical  flow 
or  a  greater  increase  in  medullary  flow  will 
decrease  the  extraction  ratio.  Similar  changes 
in  the  extraction  ratio  will  be  elicited  by  a 
decrease  in  cortical  flow  without  change  in 
medullary  flow  or  a  greater  decrease  in  cortical 
flow.  Changes  opposite  to  these  would  result  in 
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an  increased  extraction  ratio. 

Smith  and  his  associates  (88,  135), 
on  strictly  anatomical  grounds,  argue  that  in  the 
outer  medullary  zone  the  vasa  recta  are  intermingled 
with  the  descending  straight  limb  of  the  proximal 
tubule,  which  is  probably  also  capable  of  removing 
PAH  from  the  vasa  recta.  They  therefore  believe 
that  PAH  is  extracted  from  medullary  blood  as  well 
as  from  cortical  blood,  and  that  the  uncleared 
fraction  (l-EpAH)  represents  blood  supplying  the 
renal  pelvis,  capsule  and  perirenal  fat. 

According  to  Thurau  (150),  an  "arterial" 
concentration  of  PAH  in  the  medullary  blood  is  a 
prime  requirement  for  Reubi 1 s  hypothesis  (114)  but 
micropuncture  studies  of  PAH  concentration  in  vasa 
recta  blood  failed  to  verify  this  assumption  (124). 

In  golden  hamsters  with  arterial  PAH  concentrations 
between  1.2  and  10  mg%  and  renal  extraction  ratios 
up  to  0.82,  the  PAH  concentration  ratio  of  vasa  recta 
plasma/arter ial  plasma  during  antidiuresis  is  consider¬ 
ably  higher  than  1.0,  ranging  between  4  and  12. 

During  osmotic  diuresis  (mannitol  and  NH4CI) ,  this 
ratio  ranged  between  1.1  and  2.5  (74).  Thurau  (150) 
states  that  even  though  a  counter-current  diffusion 
of  PAH  may  exist  in  the  vascular  loop,  a  net  influx 
of  PAH  from  other  sources  must  be  postulated.  This 
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is  most  readily  explained  by  assuming  diffusion 
out  of  the  loops  of  Henle  and  collecting  ducts,  in 
which  PAH  concentrations  are  high.  Accordingly, 
renal  cortical  plasma  flow  is  underestimated  and 
renal  medullary  plasma  flow  is  overestimated  by  the 
Reubi  technique.  However,  the  marked  decrease  in 
vasa  recta  plasma/arterial  plasma  concentration 
ratios  in  osmotic  diuresis  implies  either  a  very 
efficient  counter-current  accumulation  in  hydropenia 
or  a  very  marked  increase  in  papillary  blood  flow 
in  osmotic  diuresis  (109) .  Pitts  and  his  coworkers 
(109)  think  that  it  is  by  no  means  certain  that 
one  may  safely  extrapolate  findings  on  the  golden 
hamster  to  the  dog.  The  uncertainties  inherent  in 
the  assumptions  involved  emphasize  that  the 
distribution  of  blood  flow  between  cortex  and 
medulla  calculated  by  the  Reubi  method  are  at 
best  approximations  and  that  changes  in  distribution 
induced  by  experimental  variables  are  of  more 
significance  than  absolute  values  of  flow  (109) . 

However,  several  workers  have 
experimental  evidence  which  supports  Reubi ' s  hypothesis. 
It  has  been  observed  many  times  that  a  low  extraction 
ratio  of  PAH  is  associated  with  a  low  hematocrit 
and  that  an  infusion  of  red  cells  results  in  an 
increase  in  extraction  ratio  (72,  116,  148). 
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Reubi  et  al  (116)  explains  these  observations  with 
a  postulate  of  cortical  vasoconstriction  in  anemia 
which  is  relieved  by  restoration  of  a  normal  hema¬ 
tocrit.  They  also  say  that  the  difference  in  blood 
viscosity  before  and  after  a  red  cell  transfusion 
contributes  to  the  difference  in  cortical  and 
medullary  flow  distribution. 

Selkurt  and  Elpers  (128)  studied  the 
simultaneous  EpAH  and  osmolar  clearance  during 
hemorrhagic  shock  in  dogs,  and  noted  a  decrease  in 
ePAH  corresponded  to  a  decrease  in  the 

concentration  of  the  urine.  They  explain  this  as 
evidence  of  a  relative  increase  in  medullary 
blood  flow  which  results  in  a  washout  of  the 
osmolar  gradient  in  the  medulla. 

Selkurt  (127)  found  that  while  total 
renal  blood  flow  increased  during  30  minutes  of 
ureteral  blockade  in  dogs,  the  extraction  of  PAH 
always  decreased.  Selkurt  (127)  believes  that  the 
close  correlation  between  the  decrease  in  EpAH  and 
the  increase  in  blood  flow  indicates  the  opening  of 
A-V  shunts.  The  increased  flow  in  such  pathways, 
which  bypass  active  secretory  tissue,  would  be 
reflected  in  a  decrease  in  the  A-V  difference  of 
PAH  concentration  in  direct  proportion  to  an  increase 
in  flow  through  such  a  circuit.  He  further  believes 
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that  the  observed  effect  involves  an  increased 
circulation  through  the  medullary  zone,  probably 
the  vasa  recta.  This  is  supported  by  previous 
experiments  where  a  simultaneous  loss  of  renal 
concentrating  power  was  observed  (128) . 

Gomori  et  al  (53,  54,  55,  97)  correlated 
the  decrease  in  PAH  extraction  found  during  different 
kinds  of  shock  with  the  results  of  studies  of  renal 
vascular  casts,  to  indicate  opening  of  shunts  within 
the  juxtamedullary  region  and  the  cortex.  Those  in 
the  cortex  appear  to  bypass  tubules  completely. 

The  intravenous  infusion  of  human  (53) , 
bovine  or  canine  (44)  serum  albumin  into  dogs,  was 
observed  to  result  in  a  decrease  in  the  extraction 
of  PAH.  Since  no  change  in  TmpAH  was  observed,  it 
was  concluded  that  the  decrease  in  EpAH  was  not  due 
to  an  impairment  of  tubular  function  but  rather  to 
the  opening  of  medullary  shunts  within  the  kidney. 

Lilienfield  and  Braun  (80)  observed 
a  decrease  in  Ep^  during  20%  mannitol  administration. 
The  decrease  in  EpAH  was  accompanied  by  an  increase 
in  total  plasma  flow  and  a  decrease  in  GFR.  These 
changes  are  interpreted  to  indicate  that  mannitol 
dilates  the  efferent  arterioles  of  the  juxtamedullary 
glomeruli  and  permits  increased  shunting  of  blood 


to  the  medulla. 
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Earley  and  Friedler  (42)  explain  the 
decrease  in  EpAH  which  they  observed  during  saline 
loading  in  the  dog  by  an  increase  in  medullary  blood 
flow. 

Reubi ' s  hypothesis  relating  EPAh  to 
medullary  blood  flow  was  tested  by  Pitts  and  his 
associates  (109) .  They  found  no  change  in  EpAH  when 
plasma  PAH  concentration  was  increased  from  low  up 
to,  but  not  exceeding,  Tm  levels.  If  the  plasma 
perfusing  the  cortex  is  completely  cleared  of  PAH 
in  one  circulation  through  the  kidney,  then  increasing 
the  plasma  level  of  PAH  should  not  decrease  the 
extraction  ratio  of  PAH.  They  found  no  increase  in 
extraction  of  PAH  when  acetate  was  infused  at  rates 
which  increase  tubular  secretory  activity.  (Acetate 
is  known  to  increase  the  efficiency  of  the  secretory 
system.)  This  is  what  would  be  expected  if  cortical 
clearance  is  complete.  A  decrease  in  EpAH  was  found 
following  the  infusion  of  both  acetylcholine  and 
noradrenaline.  Thurau  et  al  (151)  using  their 
photoelectric  method  of  renal  blood  flow  measurement, 
found  that  during  the  infusion  of  acetylcholine 
both  cortical  and  medullary  flows  increased  with  the 
medullary  flow  increasing  more.  Also  the  infusion 
of  noradrenaline  reduced  cortical  blood  flow  markedly, 
while  medullary  flow  was  not  significantly  changed. 
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These  changes  in  flow  distribution  are  what  would 
be  expected  from  the  reduction  in  the  extraction 
ratio  of  PAH  observed  by  Pitts  et  al  (109) . 

From  these  results,  the  conclusion  is 
drawn  that  Reubi ' s  method  may  be  useful  for 
approximating  the  distribution  of  plasma  flow 
between  the  renal  cortex  and  the  medulla  (109) . 
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METHODS 


Methods  in  General 

The  experiments  are  considered  in  three 

groups: 

I.  Preliminary  Experiments. 

II.  Intact  Kidney  Experiments  in  which 
renal  function  studies  were  made  on 
intact  dogs  while  breathing  mixtures  of 
CO2  and  O2 • 

III.  Denervated  Kidney  Experiments  in  which 
renal  function  was  studied  in  dogs 
with  a  denervated  left  kidney  while 
breathing  mixtures  of  CO2  and  O2 . 

During  the  experiments,  the  following 


quantities  were  measured: 

(1)  Mean  arterial  blood  pressure  (mm  Hg) 
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(2)  Mean  renal  venous  pressure  (mm  Hg) 

(3)  CC>2  content  of  the  inspired  air  (%C02  in  O2) 

(4)  Pcc>2  arterial  blood  (mm  Hg) 

(5)  pH  of  arterial  blood 

(6)  Urine  flow  (ml/min) 

(7)  I-^l-Hippuran  concentration  in  arterial  plasma, 
renal  venous  plasma  and  urine  (cpm) 

(8)  Arterial  plasma  and  urine  creatinine  concentration 
(mg/100  ml) 

(9)  Hematocrit  of  arterial  blood  (%  RBC) 

(10)  Osmolarity  of  arterial  plasma  and  urine  (mOsm/1) 

From  these  measurements  the  following 
calculations  were  made: 

(1)  Extraction  of  Hippuran  (Enipp) : 

=  arterial  cone,  of  Hipp.  -  renal  venous  cone,  of  Hipp. 

arterial  cone,  of  Hipp. 

(2)  Effective  renal  plasma  flow:  ERPF  (ml/min) 

=  urine  cone,  of  Hipp.  (cpm)  x  urine  volume  (ml/min) 

arterial  cone,  of  Hipp.  (cpm) 

(3)  Renal  plasma  flow:  RPF  (ml/min) 

=  ERPF  (ml/min) 

EHipp 

(4)  Renal  blood  flow:  RBF  (ml/min) 

=  RPF  (ml/min) 

1-Hct 

Glomerular  filtration  rate:  GFR  (ml/min) 

=  urine  cone,  creat.  (mg%)  x  urine  vol.  (ml/min) 

arterial  plasma  cone,  of  creatinine  (mg%) 


(5) 
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(6)  Filtration  fraction:  FF 
=  GFR/RPF 

(7)  Osmolar  clearance:  C0sm  (ml/min) 

osmol.  cone,  urine  (roOsro/1)  x  urine  vol.  (ml/min) 

osmol.  cone. of  arterial  plasma  (mOsm/1) 

(8)  Free  water  clearance:  CH20 (ml/min) 

=  urine  volume  (ml/min)  -  CQsni  (ml/min) 

(9)  Renal  resistance:  RR  (renal  resistance  units:  RRU) 

~  — ean  art« — £Hes • _ -  mean  renal  vein  pres,  (mm  Ha) 

RBF  (ml/min) 

Group  I  -  Preliminary  Experiments 

Between  May  1963  and  June  1965,  109 
experiments  were  performed  on  mongrel  dogs.  During 
these  experiments,  the  techniques  of  measuring  renal 
blood  flow  were  investigated  in  an  effort  to  obtain 
an  accurate  method  usable  in  our  experiments.  A 

survey  of  this  preliminary  work  is  given  in  Appendix 

I. 


Group  II  -  Intact  Kidney  Series 

Thirteen  experiments  were  performed  on 
mongrel  female  dogs  ranging  in  weight  from  6 . 7  kg 
to  13.8  kg  (average  9.6  kg).  On  these  13  dogs, 

63  sets  of  renal  function  and  blood  flow  measurements 


were  made. 
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One-half  hour  after  the  subcutaneous 
administration  of  morphine,  the  dog  was  anesthetized 
with  chloralose  (60-80  mg/kg) .  Catheters  were 
inserted  into  the  femoral  artery,  femoral  vein, 
left  renal  vein,  and  left  and  right  ureters.  The 
rate  of  a  continuous  drip  of  a  diuretic  solution 
consisting  of  5 %  dextrose  in  0.45%  NaCl  was  adjusted 
to  ensure  an  initial  urine  flow  of  about  0.9  to  1.0  ml/ 
min/kidney.  A  priming  dose  of  IL  -Hippuran,  unlabelled 
Hippuran  and  creatinine  was  administered  followed 
immediately  by  the  start  of  a  constant  infusion  of 
the  same  substances.  A  forty  minute  equilibration 
period  was  allowed  before  sampling  began. 

Respiratory  movements  were  arrested 
with  gallamine  triethiodide  (Flaxedil)  and  the 
animal  was  ventilated  by  positive  pressure  using 
100%  O2 .  After  at  least  10  minutes,  two  consecutive 
10  minute  clearance  periods  were  measured.  The 
inspired  gas  mixture  was  then  changed  to  either 
10,  15  or  20%  CO2  in  O2 .  Following  a  10  minute 
equilibration  period,  two  consecutive  10  minute 
clearance  measurements  were  made.  This  procedure 
was  repeated  in  each  experiment  until  a  total  of 
five  different  CO2  concentrations  had  been  breathed. 
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Group  III  -  Denervated  Kidney  Series 

This  group  was  composed  of  11  mongrel 
female  dogs  ranging  in  weight  from  7.0  kg  to  13.0  kg 
(average  10.2  kg) .  On  these  11  dogs,  55  sets  of 
renal  function  and  blood  flow  measurement  were 
made  on  the  left  denervated  kidneys  and  45  partial 
sets  of  measurements  on  the  right  intact  kidneys. 

The  left  kidney  was  surgically  denervated  one  to 
four  weeks  before  the  experiment.  On  the  day  of 
the  experiment,  the  experimental  procedure  was 
identical  to  that  used  in  Group  II  (Intact  Series) . 

Methods  in  Detail 

Many  of  the  measurements  made  proved  to 
be  extremely  sensitive  to  small  procedural  changes. 
Because  the  writer  encountered  considerable  difficulty 
in  duplicating  technical  procedures  that  were  not 
clearly  described  by  other  workers,  the  methods  used 
in  this  study  are  set  forth  in  detail. 

Anesthesia 

The  °<-chloralose  used  as  an  anesthetic 
was  administered  intravenously  as  a  suspension  made 
up  of  20  mg/ml  in  0.6%  NaCl.  The  anesthetic  dose 
was  found  to  be  65  mg/kg  for  <%-chloralose  from 
Nutritional  Biochemical  Co.,  while  80  mg/kg  was 
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necessary  for  c<-chloralose  from  Fisher  Scientific 
Co.  The  c<-chloralose  was  heated  to  80°C  to 
dissolve  it  in  the  saline  solution,  but  was 
cooled  to  about  40°C  in  the  syringe  under  cold 
running  water  before  injection.  Upon  cooling,  a 
fine  white  precipitate  formed  a  suspension  in  the 
saline  solution.  Because  it  was  necessary  to 
administer  a  large  volume  of  anesthetic  (up  to 
40  ml  for  a  10  kg  dog) ,  the  animal  was  sedated  with 
morphine  (1  mg/kg  subcutaneously)  one-half  hour 
before  the  anesthetic  was  given. 

Catheters 

Femoral  arterial  and  venous  catheters 
consisting  of  12  and  15  inch  lengths  respectively, 
of  polyethylene  tubing  (PE280,  ID  0.085  in,  OD  0.128  in) 
were  used.  The  arterial  catheter  was  used  for  blood 
pressure  measurement  and  for  sampling  of  arterial 
blood.  The  venous  catheter  was  used  for  the 
infusion  and  injection  of  various  substances. 

A  24  inch,  #5  French,  radio-opaque 
ureteral  catheter  was  inserted  by  way  of  the  left 
jugular  vein  into  the  inferior  vena  cava,  then  into 
the  left  renal  vein.  A  small  midline  incision, 
extending  about  two  inches  above  and  one  inch  below 
the  umbilicus,  was  made  to  aid  the  cannulation  of 
the  renal  vein  and  to  allow  the  left  ovarian  vein 


Expiratory  Solenoid  Valve 
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Breathing  circuit  showing  method  of 
administration  and  analysis  of  gas. 
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to  be  clamped  with  a  long  hemostat. 

The  ureters  were  cannulated  using  18  inch 
lengths  of  polyethylene  tubing  (PE200,  ID  0.055  in, 

OD  0.075  in).  To  insert  these  catheters,  a  midline 
abdominal  incision  extending  about  2  inches  cephalad 
from  the  symphysis  pubis  was  made.  The  urinary 
bladder  was  drawn  out  and  emptied  if  necessary  with 
a  large  syringe  and  a  15  g  needle.  The  two  ureters 
were  separated  from  surrounding  tissue  and  cannulated 
approximately  one  inch  from  their  point  of  entry  into 
the  bladder. 

Control  of  Respiration  and  CO?  Content  of  Inspired 

Air 

The  open  circuit  used  for  the  administration 
and  analysis  of  the  respiratory  gases  is  given  in 
Figure  I.  The  timer  was  set  so  that  the  solenoid 
valves  opened  alternately,  giving  a  respiratory 
rate  of  about  30/minute.  Expiration  and  inspiration 
were  approximately  equal  in  duration.  This 
respiratory  cycle  was  maintained  constant  in  all 
experiments.  CC>2  content  of  the  inspired  air  was 
changed  from  0  to  20 %  in  O2  by  adjustment  of  the 
needle  valves.  The  CO2  content  of  inspired  air  was 
continuously  analysed  by  an  infra-red  CO2  analyser 
(Beckman  Medical  Gas  Analyser,  Spinco  Model  LB-1). 
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Urine  Collection 

Urine  from  the  left  ureter  was  collected 
in  15  ml  test  tubes  held  in  a  fraction  collector 
which  changed  the  tube  every  5  minutes.  The  fraction 
collector  (Figure  II)  was  designed  and  built  by 
Dr.  W.  H.  Cottle  of  the  Dept,  of  Physiology,  U.  of  A. 

At  the  end  of  the  experiment,  the  volume  in  each 
tube  which  had  been  collected  over  5  minutes  was 
measured  in  a  10  ml  graduated  cylinder. 

Urine  from  the  right  ureter  was  collected 
directly  into  graduated  15  ml  centrifuge  tubes.  The 
tube  was  changed  manually  every  5  minutes. 

Blood  Sampling  and  Analysis 

Arterial  and  renal  venous  blood  samples 
were  drawn  simultaneously  between  the  4th  and  5th 
minute  of  each  10  minute  clearance  period. 

The  arterial  blood  sample  was  withdrawn 
from  the  femoral  artery  into  a  15  ml  syringe  in  which 
the  dead  space  had  been  filled  with  heparin  solution 
(10  mg/ml) .  Each  arterial  sample  was  11-13  ml  depending 
on  the  expected  hematocrit.  Of  this  sample,  one  ml 
was  used  for  arterial  hematocrit  determination,  one 
and  one-half  ml  for  pC02  determination  and  one  and 

Figure  II.  Fraction  collector  used  to  collect  urine 

from  the  left  ureter.  The  timer  mechanism 
was  adjusted  so  that  the  collecting  tube 
was  changed  every  5  minutes. 
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one-half  ml  for  pH  measurement.  The  pCC^  and  pH  of 
the  arterial  blood  samples  were  determined  electro- 
metrically  on  an  Epsco  Blood  Parameter  Analyser  at 
37°C.  The  remaining  arterial  blood  was  centrifuged 
to  obtain  plasma  for  the  determination  of  I  ^  ^--Hippuran , 
creatinine  and  osmolar  concentrations. 

The  following  precautions  were  necessary 
to  prevent  diffusion  of  I ^^^--Hippuran  from  the  red 
cells  into  the  plasma.  Renal  venous  blood  was  drawn 
into  ice-cold  5  ml  syringes  (stored  at  -20°C) 
containing  a  small  amount  of  heparin  solution.  The 
syringes  were  warmed  by  hand  until  just  thawed,  when 
a  3-4  ml  sample  was  slowly  withdrawn  from  the  renal 
vein  catheter  over  a  period  of  30-45  seconds. 

Immediately  following  withdrawal #  the  venous  blood 
sample  was  transferred  to  an  ice-cold  centrifuge 
tube  and  centrifuged  at  2000  rpm  for  3  minutes  in 
a  cold  room.  After  centrifugation,  the  tubes  were 
returned  to  an  ice  bath  and  the  plasma  from  the 
renal  vein  sample  was  immediately  removed.  It  should 
be  noted  that  the  renal  venous  plasma  was  separated 
from  the  cells  within  5  minutes  of  the  time  of 
withdrawal,  during  which  the  sample  was  either  in 
an  ice-water  bath  or  in  the  centrifuge  at  5°C. 

Hematocrit 

The  hematocrit  of  arterial  blood  was 
determined  in  Wintrobe  tubes  spun  in  a  centrifuge 
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for  20  minutes  at  2000  rpm  (R.C.F.  at  tip  =  700 
gravities) . 

Pressure  Recording 

Mean  arterial  and  renal  venous  blood 
pressures  were  measured  using  Statham  pressure 
transducers  and  a  direct  writing  Beckman  Offner 
Type  RB  Dynograph.  Pressures  were  recorded  with 
the  dogs  supine,  the  reference  point  for  zero  pressure 
being  10  cm  above  the  table  top  in  all  experiments. 

Renal  Denervation 

All  renal  denervation  was  performed 
aseptically  under  sodium  pentobarbital  anesthesia 
(30  mg/kg) .  A  left  flank  incision  was  made  with 
an  electro-cautery  machine  (Bovie  Electrosurgical 
Unit,  Model  0-3) .  The  incision  was  curved  below 
the  lower  rib  and  extended  to  the  midline  of  the 
abdomen.  The  left  kidney  was  exposed,  the  peritoneum 
separated,  and  all  visible  nerves  were  stripped 
from  the  renal  artery,  renal  vein  and  ureter. 

The  area  was  soaked  with  80%  ethanol  several  times 
to  inactivate  any  remaining  nerve  fibres.  The 
incision  was  closed  with  continuous  sutures  in  the 
three  muscle  layers  and  interrupted  sutures  in  the 
skin . 

Immediately  following  the  operation 
and  on  the  following  day,  each  dog  received  400,000  I.U. 
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of  penicillin  streptomycin  intramuscularly. 

Clearance  Materials 

1  it 

Creatinine,  I  -labelled  sodium 
o-iodohippurate  (il^l-Hippuran,  Charles  E.  Frosst 
&  Co.,  Montreal),  and  unlabelled  sodium  o-iodo- 
hippurate  (Hippuran,  Mallinckrodt  Chemical  Works, 
Montreal)  were  injected  in  a  priming  dose  and  then 
given  as  a  continuous  infusion  calculated  to  main¬ 
tain  plasma  concentrations  at  a  constant  level. 

jl31_Hippuran  dosage  was  calculated 
on  the  basis  of  total  radioactivity  per  experiment. 
This  dose  was  7-8  |rc/kg  body  weight.  The  proper 
volume  was  drawn  into  a  syringe  and  1/7  of  the 
volume  was  added  to  the  priming  injection  and  6/7 
of  the  volume  to  the  continuous  infusion.  These 
fractions  correspond  to  the  ratios  of  unlabelled 
Hippuran  in  the  priming  and  sustaining  infusions. 
The  priming  dose  of  2.5  mg/kg  unlabelled  Hippuran 
and  50  mg/kg  Creatinine,  was  dissolved  in 
approximately  10  ml  of  distilled  water.  The 
continuous  infusion  contained  15  mg/kg  Hippuran 
and  100  mg/kg  Creatinine  was  dissolved  in  50  ml 
distilled  water.  The  infusion  solution,  with  the 
I 13 l_Hippuran  added,  was  infused  (at  a  rate  of 
0.191  ml/min  from  a  50  ml  syringe)  using  a  Palmer 
Slow  Injection  Apparatus  (Model  F130) .  Both  the 
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priming  injection  and  the  continuous  infusion  were 
administered  by  way  of  the  femoral  vein  catheter. 

Creatinine 

Creatinine  concentration  was  determined 
in  arterial  plasma  and  urine  by  a  modification  of 
the  Folin-Wu  alkaline  picrate  method  (19) .  A 
tungstate  protein  precipitating  solution  was  used 
to  prepare  a  protein  free  filtrate  from  the  arterial 
plasma.  Two  ml  of  plasma  were  diluted  to  20  ml  by 
adding  18  ml  of  tungstate  solution  (59  gm  Na2W04, 

18.2  ml  36  N  H2SO4  made  up  to  10  1  with  distilled 
H2O) .  The  mixture  was  shaken  well  and  then  allowed 
to  stand  for  15  minutes.  The  mixture  was  filtered 
using  Whatman  #2  filter  paper.  Three  ml  portions 
of  the  filtrate  were  then  transferred  to  colorimeter 
tubes  for  colour  development. 

A  1/1000  dilution  of  urine  was  used  for 
analysis.  Three  ml  portions  of  this  final  dilution 
were  transferred  to  colorimeter  tubes  for  colour 
development . 

To  develop  the  colour,  2  ml  of  alkaline- 
picrate  (0.75N  HaOH:0.04M  Picric  acid  ::  1:1,  freshly 
mixed)  was  added  to  the  3  ml  portions  of  protein  free 
plasma  filtrates  or  1/1000  diluted  urine.  The  colour 
was  allowed  to  develop  for  30  minutes  and  the  optical 
density  was  then  read  at  510  mp,  against  a  plasma 
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blank  or  distilled  water  blank.  Optical  density 
was  determined  in  a  Spectronic  20  -  Colorimeter- 
Spectrophotometer  (Bausch  and  Lomb,  New  York) . 

Solutions  for  plasma  standards  were 
made  by  dissolving  creatinine  in  the  tungstate 
protein  precipitating  solution.  Standard  solutions 
were  made  to  contain  0.5,  1.0,  2.0,  5.0,  and  10.0 
mg/100  ml  .  Plasma  standards  were  made  as  follows: 

2  ml  of  standard  solution  were  added  to  20  ml  of  control 
plasma  (plasma  taken  before  infusion  of  creatinine) . 

This  was  then  diluted  to  20  ml  with  tungstate  protein 
precipitating  solution  and  then  handled  in  a  manner 
identical  to  the  plasma  samples. 

Urine  standard  solutions  were  made  to 
contain  50,  100,  200,  500  and  1000  mg/100  ml  distilled 
water.  These  standard  solutions  were  diluted  1/1000 
and  treated  the  same  as  the  urine  samples. 

With  each  set  of  plasma  and  urine 
samples,  two  standards  were  run,  usually  the  5  and 
10  mg/100  ml  standard  for  the  plasma  and  the  100  and 
500  mg/100  ml  standards  for  the  urine. 

131 

I  -Hippuran  Determination 

0.5  ml  portions  of  arterial  plasma,  renal 
venous  plasma  and  urine  were  transferred  to  pyrex 
test  tubes  (15  cm  x  1.6  cm  OD) .  The  tubes  were 
placed  in  a  well-type  scintillation  counter  and 
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the  gamma  activity  was  determined.  The  scintillation 
detector  (Nuclear-Chicago,  Model  DS5-4)  was  fitted 
with  a  sodium  iodide,  thallium  activated  crystal, 
1-7/8  in  OD,  2-1/4  in  thick,  with  a  21/32  in  well 
which  was  1-1/2  in  deep.  The  pulses  from  the 
scintillation  detector  went  through  a  radiation 
analyser  (Nuclear-Chicago,  Model  1810)  to  a  decade 
scaler  (Nuclear-Chicago,  Model  181A)  with  a 
resolution  time  of  5  |usec.  The  decade  scaler  was 
fitted  with  a  timer  (Nuclear-Chicago,  Model  T-5) . 

Each  sample  was  counted  for  sufficient 
time  to  give  a  statistical  accuracy  of  ±5%,  95%  of 
the  time.  The  counting  time  was  calculated 
according  to  the  following  formula: 

t  =  Rs+Rb2 

where  t  =  counting  time  required  in  minutes 
Rs  =  Bkgd.  corrected  cpm  of  sample 
Rb  =  cp™  °f  background 

Vs  =  variance  =  0.025  (for  ±5%  accuracy,  95% 
of  the  time) 

The  time  of  the  beginning  of  each  count 
was  noted  for  time  decay  corrections. 

Osmolarity  Determination 

Depression  of  the  freezing  point  of  a 
solution  is  proportional  to  the  number  of  solute 
particles  present  in  the  solution.  The  solute 


DIMENSION  A(30,3»2}*B(^0,3),C(30,2>,D!30,3),U!30),H!30) 

DIMENSION  EX (30)  ,ERPF(30) *  RPF ( 30 ) ,RBF(30)  ,GFR(30)  ,FF(30) 

DIMENSION  COSM ( 30 ) ,F ( 30* 2 ) 

READ  (5  *15  ) 

15  FORMAT ( IX ,41 H 

READ  (5  ,1  ) 

1  FORMAT ( IX , 12 ,F4.1  ) 

READ  (5  ,2  ) 

2  FORMAT ( IX , 10F4.2  ) 

READ  (5  ,3  ) 

3  FORMAT !1X,10F3#2) 

DO  20  J=1 , 2 

20  READ  (S  ,11  ) 

11  FORMAT (1X,10F5*1 ) 

DO  16  J  =  1  ,2 

16  READ  (5  ,13  ) 

13  FORMAT! IX, 10F5.1  ) 

DO  7  K= 1 , 2 
DO  7  J=1 , 3 

7  READ  (5  ,4  ) 

4  FORMAT ( IX , 10F7.1  ) 

DO  8  J= 1 , 3 
DO  8  I  =  1  ,  N 

X 1  =  A  ( I ,J, 1 ) *83 • 0E-09 
X  2  =  X 1  *  A  (  I  ,  J  ,  1  ) 

X3=X2+A ( I , J , 1 ) 

B ( I ,J)=X3-BS 
T  C  =  A  ( I ,J,2)*3547»0E-06 

8  D ( I , J ) =B ( I ,J) /EXP  (-TC ) 

WRITE  (6  ,15  ) 

WRITE  (6  ,12  ) 

12  FORMAT! IX, 52H  EX  ERPF  RPF  RBF  GFR  FF  COSM) 

DO  10  1=1, N 

EX! I )  =  (D(  I  ,1  )  —  D (  1,2) )/D(  1,1  ) 

ERPF! I )=( (D( I,3)-D( I ,2) )*U( I ) )/D( 1,1 ) 

RPF!  I  ) =  FRPF (  I  )  /EX !  I ) 

RB F (  I  ) =RPF ( I ) / ( 1 . 0- ( 0.9  5*H( I )  )  ) 

GFR!  I)  =  (C(I,2)*U(I))/C(I,1) 

FF (  I  ) =  GFR ( I ) /RPP !  I ) 

COSM! I)=E(  I,2)*U(  I)/E( I  ,1) 

1C  WRITE  (6  ,14  )  EX! I ) ,ERPF( I ) ,RPF{ I ) ,RBF( I ) ,GFR( I ) ,FF( I ) ,COS 

1 M  (  I  ) 

14  FORMAT! 1X,F7.4,1X,F6.2*1X,F7.2»1X,F7.2,1X,F6#2*1X,F7.4,1X,F6.2> 

END 


) 

N ,  BS 

(U( I ) , 1=1 ,N) 

(H( I ) *  1  =  1 ,N) 

( C ( I  * J )  ,1  =  1 , N ) 

(  E  (  I  ,  J  )  ,  T  =  1 ,  N  ) 

( A ( I , J,K )  ,  1  =  1 ,N  ) 


Figure  III  -  Fortran  Program 
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concentration  may  be  expressed  as  osmoles/1.  One 
osmole  corresponds  to  one  gm  molecular  weight 
of  non-ionized  solute  dissolved  in  1000  gm  H2O. 

An  Aminco-Bowman  Freezing  Point  Depression 
Apparatus  was  used  to  determine  the  freezing  point 
depression  of  each  sample.  A  standard  curve  was 
prepared  with  NaCl  concentrations  from  100  to  1850 
milliosmoles/1  . 

One  ml  portions  of  plasma  and  urine  were 
used  for  the  determination  of  freezing  point  and 
from  the  standard  curve,  the  osmolar  concentration 
of  each  sample  in  milliosmoles/1  (mosm/1)  was  obtained. 

Computer  Calculations 

Most  of  the  experimental  results  were 
calculated  on  an  IBM  7040  computer  using  a  program 
written  in  Fortran  IV.  A  print-out  of  the  program, 
sample  data,  and  sample  results  are  shown  in  Figures 
III,  IV  and  V. 

Samples  used  in  the  program  are  defined 

as  follows: 

A  -  data  concerning  I 13 1-Hippuran ,  either  cpm  or 
sample  times  (min) 

C  -  creatinine  concentrations  (mg/100  ml) 

E  -  osmolar  concentrations  (mosm/1) 

H  -  hematocrits 
U  -  urine  flow  (ml/min) 


N  -  number  of  samples 


PROJECT  NO  750001  EXPT  NO  LN2  DATE  290965 
100047 

0130018000780048005500990093010700300064 

039039048047040038040040039037 

00111001080011200113001090011100112001110010800113 
0262001 7900234004820046800386001380027600441005300 
0 2 500 C2 92 00 3 02 00 3 090030000306003070036000296002940 
03120029400365 004400047000343002 550029600430004500 

0002 98 0 00 0 2 970 0003 9 700004440 ooo4 50 0000456 O0O04640OO0 4930000498 00004940 
0001 1500091r*T0000l70000r)lT9000ol4l000ol2o00O0l83oo00l5700Oo  14  00  0001580 
017283001203100125730Q2447900324070025941 00 1 0 5 33 00 1 633 1 on2 7 5 87oo33o99o 
00O00OO000O'>^n00O00'>50r»n00o500^0Ol000on0l^O00^0l5O0O0ol5onr>no20^OOr>020 
00^002 5 0000035000004000000450n°on55oooo2oooooo21ooooo215ooon22oonoo225 
000022 5 0000225 000022 50000 2 2 500002 25OQ00225 0000225000022 50000225O00O22 5 


Figure  IV  -  Data  Printout 
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BS  -  background  of  the  scintillation  counter  (cpm) 

I  -  sample  number  (1  to  N) 

J  -  when  J  =  1,  arterial  sample 

J  =  2,  as  a  subscript  to  A  -  renal  venous 
sample 

as  a  subscript  to  C  or  E  -  urine 
sample 

0=3,  as  a  subscript  to  A  -  urine  sample 
With  this  subscripting  system,  it  is 
easy  to  address  any  piece  of  data.  For  example 
A (8, 2,1)  refers  to  the  cpm  of  the  renal  venous 
sample  of  sample  number  8,  and  E(5,2)  refers  to  the 
osmolar  concentration  of  the  5th  urine  sample. 

Referring  to  Fig.  Ill,  the  Fortran 
program  is  arranged  as  follows.  The  first  three 
statements  labelled  DIMENSION  are  reserving  the 
required  number  of  addressable  locations  in  the 
memory.  There  then  follow  a  series  of  READ  statements 
followed  by  a  FORMAT  statement.  This  is  instructing 
the  computer  to  read  a  data  card,  where  to  store  the 
information  in  the  memory,  and  the  position  of  the 
decimal  point.  For  example: 

READ  (5,2)  U(I)  ,1  =  1 , N 
2  FORMAT ( IX, 10F4 . 2 ) 

These  two  statements  instruct  the  computer  to  read 
a  card  (5) ,  with  the  format  according  to  statement 
#2  which  follows.  The  data  are  urine  flows,  the 
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first  one  to  be  stored  in  the  memory  and  addressed 

as  U(l),  then  U(2),  U(3),  ..... _ .U  (N)  .  The 

format  statement  says  that  the  first  space  on  the 
card  is  a  blank  (IX).  10F4.2  states  that  on  each 

card  there  are  10,  4-digit  numbers,  each  having 
the  decimal  point  2  places  from  the  right.  The 
data  on  the  card  giving  urine  flows  would  look  like 
line  #3  of  Figure  IV  which  is  as  follows: 
0130018000780048005500990093010700300064.  This  will 
be  interpreted  by  the  computer  as  01.30,  01.80,  00.78, 
00.48,  00.55,  00.99,  00.93,  01.07,  00.30,  00.64,  wich 
will  be  addressed  as  U(l),  U(2),  U(3),  . ,U(10). 

Starting  with  statement  D08  J  =  1,3  and 
ending  at  statement  8  D(I,J)  =  B (I , J) /EXP (-TC)  each 
I  count  is  corrected  for  coincidence  loss  in  the 
counter,  background  is  subtracted,  and  each  count 
is  corrected  back  to  zero  time  (the  time  of  the 
first  count) .  The  next  two  WRITE  statements  print 
out  the  heading  lines  (Fig.  V),  giving  project  number, 
experiment  number  and  date  and  the  next  line  which 
contains  the  column  headings  for  the  results.  The 
following  statements,  as  the  sample  number  is  changed 
from  1  to  N,  contain  the  calculations  for  extraction 
of  Hippuran  (EX) ,  effective  renal  plasma  flow  (ERPF) , 
renal  plasma  flow  (RPF) ,  renal  blood  flow  (RBF) , 
glomerular  filtration  rate  (GFR) ,  filtration 
fraction  (FF) ,  and  osmolar  clearance  (COSM) .  As 
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each  answer  is  computed,  it  is  printed  out  in  the 
proper  column.  It  may  be  noted  that  standard 
arithmetical  statements  are  used  for  these 
calculations.  The  calculations  for  an  experiment 
with  10  samples  require  61  seconds  of  computer  time. 

Statistical  Methods 

The  following  statistics  were 
calculated  for  all  data:  (i)  mean  (x) ,  (ii)  standard 
deviation  (SD) ,  (iii)  standard  error  of  the  mean  (SEM) . 
These  were  calculated  according  to  the  following 
formulae : 

x  =  £x 
n 

SD  =  /  £x2  -  /£xf  x  H _ 

V  n  (  n|  n-1 

SEM  =  SD 
n 

The  mean  values  were  compared  to  detect 
significant  differences.  Where  the  difference  of  the 
means  had  a  P  value  of  less  than  0.05,  the  difference 
was  taken  as  being  biologically  significant.  The 
significance  of  the  difference  between  the  means 
was  calculated  by  the  following  formulae: 
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/£ di2  +  £d22 

( ni~l)  +  (n2-l) 


CR  =  -  X2 


SD  = 


,nl  n2 

ni  +  n2 


t 


df  =  +  n2  -  2 


P  -  from  a  table  of  t  values 
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RESULTS 


In  these  experiments,  the  carbon 
dioxide  content  of  the  inspired  air  was  set  at 
four  different  levels:  0%,  10%,  15%  and  20%  CC>2 
in  C>2 .  Because  of  variations  in  ventilation,  the 
PaC02  attained  varied  somewhat.  The  PaC02  values 
reached  during  the  clearance  measurements  were 
grouped  into  four  ranges,  and  the  experimental 
results  are  plotted  on  the  graphs  at  the  mean 
PaC02  within  each  range.  These  ranges  are  shown 
in  Table  1. 


The  mean  values  of  PaCQ2  differ  by 
less  than  the  standard  error  in  the  two  series  of 


experiments.  For  descriptive  purposes,  the  PaCQ^ 
ranges  for  which  results  will  be  listed  are  referred 


to  as:  Range  1-35  mm  Hg,  Range  2  -  70  mm  Hg, 


Range  3  -  112  mm  Hg  and  Range  4  -  180  mm  Hg. 


y.  't 


••+  v  oid  &.  dris-V  -*r/.  /  i*  ,v  1  >  *  aueDs: 


65. 


Table  1. 

PaC02  ran9es  in 

and  denervated 

.  experiments 

kidneys «. 

on  intact 

Range  # 

Range 

(mm 

in  PaC02 
i  Hg) 

Intact 
x  ±  SEM 

Denervated 
x  ±  SEM 

1 

25 

-  45 

35 . 2±1 . 43 

34 . 9±1 . 22 

2 

46 

-  90 

7  3 . 5±2 . 45 

67 . 6±3 .07 

3 

91 

-  130 

111 . 9±2 . 75 

113 . 4±4 .49 

4 

131 

-210 

180 . 1±2 .60 

184 . 3±7 . 16 

Renal  Plasma  and  Blood  Flows 
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Renal  Blood  and  Plasma  Flow 


Renal  blood  flow  (RBF) ,  renal  plasma 
flow  (RPF)  and  effective  renal  plasma  flow  (ERPF) 
showed  a  decrease  with  increasing  CO2  levels  in 
both  series.  When  the  total  decrease  in  RBF ,  RPF 
and  ERPF  was  compared  using  paired  data  where 
available,  the  decrease  in  the  intact  kidneys 
was  always  significantly  greater  than  in  the 
denervated  kidneys  (RBF,  -46.4%  vs  -21.1%,  P  =  <0.025; 
RPF,  -51.8%  vs  -34.1%,  P  =<0.05;  ERPF,  -61.4% 
vs  -38.9%,  P  =  <0.01)  . 

While  the  mean  initial  values  of  RBF, 

RPF  and  ERPF  were  all  higher  in  the  denervated 
kidneys,  the  difference  was  not  significant.  The 
RBF  in  the  intact  kidneys  is  significantly  lower 
than  in  the  denervated  kidneys  at  a  PaQQ^  of  112  and 
180  mm  Hg  (P  =<0.05  and  P  =<0.005  respectively). 

The  RPF  and  ERPF  are  not  significantly  lower  in 
the  intact  kidneys  compared  to  the  denervated 
kidneysuntil  the  C02  tension  reaches  180  mm  Hg 
(P  =<  0.025  and  P  =<  0.025). 


Figure  VI.  The  effect  of  increasing  C02  tension 

on  Renal  Plasma  and  Blood  Flows  in 
intact  and  denervated  kidneys.  The 
vertical  bars  =  ±1  SEM. 
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Extraction  of  Hippuran 


In  the  intact  kidneys,  the  extraction 
of  Hippuran  decreases  between  C02  tensions  of  112 
and  180  mm  Hg  (P  =  <^0.0Q5).  At  lower  C02  tensions 
(35  to  112  mm  Hg)  there  appears  to  be  little  change. 

Hippuran  extraction  in  the  denervated 
kidneys  showed  a  precipitous  decrease  at  low  C02 
tensions  between  35  and  112  mm  Hg  (P  =  <0.005) .  At 
higher  levels  of  C02 ,  between  112  and  180  mm  Hg, 
while  extraction  seems  to  increase  again,  this 
increase  is  not  significant  (P  =<C,0.10). 

The  initial  value  of  extraction  in 
the  denervated  kidneys  (at  PaCo2  =  35  mm  Hg)  is 
significantly  higher  than  it  is  in  the  intact 
kidneys  (P  =  <^0.025).  At  a  PaCC>2  of  112  mm  Hg, 
the  extraction  in  the  denervated  kidneys  has  become 
significantly  lower  than  in  the  intact  kidneys 
(P  =  <^0.005)  o  At  the  highest  CO2  levels  (180  mm  Hg) 
the  extraction  of  Hippuran  in  the  two  series  is 
almost  identical. 


Figure  VII.  Effect  of  increasing  CO2  tension  on 

the  Extraction  of  Hippuran  in  intact 
and  denervated  kidneys.  Vertical 
bars  represent  ±  1  SEM. 
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Renal  Resistance 

Both  intact  and  denervated  kidneys 
show  a  significant  increase  in  renal  resistance 
(RR)  as  Pa-Q02  i s  increased  from  35  to  180  mm  Hg 
(P  values  of  0.005  in  each  series),  but  the 
increase  in  RR  in  the  intact  kidneys  (A  =  +141%) 
is  significantly  greater  than  that  in  the 
denervated  kidneys  (A  =  +35%,  P  =  <0.025).  The 
initial  value  of  RR  in  the  intact  kidneys  is 
significantly  higher  than  is  the  initial  value 
in  the  denervated  kidneys  (P  =  <^0.025). 

However,  at  a  Pa^^  of  70  mm  Hg,  the  RR  is  very 
similar  in  the  two  series. 


The  effect  of  increasing  C02 
tension  on  the  Renal  Resistance 
of  intact  and  denervated  kidneys. 
The  vertical  bars  are  +  l  SEM. 


Figure  VIII. 
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Glomerular  Filtration  Rate 

The  glomerular  filtration  rate  (GFR) 
decreased  significantly  in  both  the  intact  (P  =  0.05) 
and  the  denervated  (P  =  0.025)  kidneys  with  increasing 
levels  of  CC>2  from  35  to  180  mm  Hg.  The  decrease 
in  the  denervated  kidneys  occurred  over  the  PaCQ^ 
range  35  to  112  mm  Hg  so  that  the  GFR  was 
significantly  lower  than  the  initial  value  at  a 

PaCC>2  of  112  H9  (P  =  <0.025).  In  the  intact 
kidneys  this  decrease  did  not  occur  until  the 
PaC02  was  greater  than  70  mm  Hg.  An  increase  in 
mean  GFR  between  35  and  70  mm  Hg  in  the  intact 
kidneys  was  not  significant  but  the  decrease  in 
GFR  in  the  intact  kidneys  which  occurred  between 
CC>2  tensions  of  70  and  180  mm  Hg  was  highly 
significant  (P  =  <0.005). 


Figure  IX.  The  effect  of  increasing  CO2  tension 

on  the  Glomerular  Filtration  Rate  in 
intact  and  denervated  kidneys. 

The  vertical  bars  =  ±  1  SEM. 
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The  filtration  fraction  (FF)  increased 
significantly  in  both  the  intact  and  the  denervated 
kidneys  with  increasing  C02  tension.  The  initial 
values  in  the  two  series  were  almost  identical 
at  a  CC>2  tension  of  35  mm  Hg,  but  at  a  C02  tension 
of  180  mm  Hg ,  the  FF  in  the  intact  kidneys  was 
significantly  greater  than  the  FF  in  the  denervated 
kidneys  (P  =<0.025). 


Figure  X.  The  effect  of  increasing  CO2  tension 
on  the  Filtration  Fraction  in  intact 
and  denervated  kidneys.  The 
vertical  bars  =±1  SEM. 
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Urine  Flow 

The  urine  flow  in  both  the  intact  and 
the  denervated  kidneys  appears  to  decrease  with 
increasing  levels  of  CO2,  but  only  the  urine  flow 
in  the  intact  kidneys  shows  a  significant  decrease 
from  a  PaC02  of  35  to  180  mm  Hg  (P  <0.025). 

The  urine  flow  in  the  denervated  kidneys 
is  generally  higher  than  the  urine  flow  in  the 
intact  kidneys,  the  difference  being  significant  at 
CC>2  tensions  of  35,  112  and  180  mm  Hg  (P  values 
of  <0.025,  <0.025,  and  <0.01  respectively).  Any 
decrease  which  does  occur  in  either  series  does 
not  do  so  until  Pa^Q^  is  elevated  considerably 
above  35  mm  Hg. 


Figure  XI.  Effect  of  increasing  CC>2  tension  on 

the  Urine  Flow  in  intact  and  denervated 
kidneys.  The  vertical  bars  =  ±  SEM. 
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Osmolar  Clearance 

The  osmolar  clearance  (Cosm)  appears 
to  decrease  with  increasing  levels  of  CO2  in  both 
the  intact  and  the  denervated  kidneys .  However 
the  decrease  (PaCQ^  35  -  180  mm  Hg)  is  significant 
only  in  the  intact  kidneys  (P<C,0.005).  When  a 
study  is  made  of  paired  data  where  available,  the 
overall  change  in  the  denervated  kidneys  (A  =  ±10%) 
is  significantly  different  from  the  total  change  in 
the  intact  kidneys  (A  =-26%)  with  a  P  value  of  0.05 


Figure  XII.  The  effect  of  increasing  C02  tension 

on  the  Osmolar  Clearance  in  intact 
and  denervated  kidneys .  The 
vertical  bars  =  ±1  SEM. 
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Free  Water  Clearance 

The  initial  free  water  clearance  (Cj^q) 
in  the  denervated  kidneys  is  significantly  less 
negative  than  the  CH2q  in  the  intact  kidneys 
(P<0.05).  The  values  of  CH2q  tlrien  appear  to 
converge  so  that  at  higher  levels  of  CC>2  tension, 
the  free  water  clearances  of  both  series  are 
similar.  There  are  no  significant  changes  within 
either  series. 


Figure  XIII.  The  effect  of  increasing  C02  tension 

on  the  Free  Water  Clearance  of 
intact  and  denervated  kidneys. 

The  vertical  bars  =+l  SEM. 
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Hematocrit 

The  arterial  hematocrits  of  the  dogs 
with  intact  and  denervated  kidneys  increased  with 
increasing  levels  of  carbon  dioxide.  In  the  dogs 
with  intact  kidneys,  although  the  hematocrit  increases 
at  lower  levels  of  CO2 ,  a  significant  difference  from 
the  initial  values  does  not  occur  until  the  Pag02  has 
reached  180  mm  Hg  (P  =  <0.025)  . 

The  hematocrits  of  the  animals  with 


denervated  kidneys  increased  more  rapidly  with 

increasing  CO2  levels  so  that  significant  increases 

from  initial  values  occurred  at  Pa^g  values  of  70, 

2 

112,  and  180  mm  Hg  (P  =<0.05,  <0.025  and  <0.005 
respectively) . 


The  hematocrits  of  the  animals  with  intact 
kidneys  were  significantly  lower  than  the  hematocrits 
of  the  animals  with  denervated  kidneys  at  all  levels 
of  CO2 .  At  Paco^  values  of  35,  70,  112,  and  180  the 
P  values  are  0.006,  0.006,  <0.025  and  <0.005 
respectively . 


Figure  XIV.  The  effect  of  increasing  CO2  tension 

on  the  Hematocrit  in  dogs  with  intact 
and  denervated  kidneys.  The  vertical 
bars  =±1  SEM. 
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DISCUSSION 


The  results  presented  in  this  thesis 
are  generally  consistent  with  most  other  studies 
relating  renal  blood  flow  to  hypercapnia.  There 
are,  however,  several  conflicting  reports.  Bohr 
et  al  (18)  showed  a  decrease  in  renal  blood  flow 
with  apneic  oxygenation  which  they  related  to 
increasing  C02  level  in  the  blood.  Since  they 
used  thiopental  to  stop  respiratory  movements,  the 
reduction  in  renal  blood  flow  observed  by  them  was 
probably  due  to  central  nervous  system  activation 
by  the  thiopental  and  not  due  to  the  accumulation 
of  CC>2  by  apneic  oxygenation  (141)  .  However,  when 
apneic  oxygenation  is  induced  by  a  muscle  relaxant 
such  as  decamethonium ,  a  reduction  in  renal  blood 
flow  does  occur  which  is  thought  to  be  related  to 
the  developing  hypercapnia  (65,  141). 

Dowds  et  al  (41)  reported  that  minimal 
renal  hemodynamic  changes  occurred  in  dogs  allowed 
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to  rebreathe,  even  though  the  CC>2  content  of  the 
inspired  air  increased  as  high  as  19-20%.  These 
results  are  of  questionable  significance  because 
when  the  CO2  content  of  the  inspired  air  was  19%, 
the  arterial  CO2  content  was  only  51.6  vol  %.  Since 
this  corresponds  to  a  PaCo2  of  only  50  min  Hg, 
obviously  there  was  little  or  no  hypercapneic 
stimulus.  The  reason  for  the  unexpectedly  low 
arterial  CO2  content  in  this  work  is  not  apparent. 

The  renal  blood  flow  has  been  reported  to 
either  increase,  not  change,  or  to  decrease  when 
animals  have  been  allowed  to  breathe  gas  mixtures 
containing  increased  levels  of  carbon  dioxide. 

Takacs  and  Kallay  (144) ,  cited  by  Simmons  and  Olver 
(134),  reported  an  increase  in  renal  blood  flow  in 
rats  breathing  5%  and  20%  C02  in  O2 .  This  is  the 
only  reference  to  an  increase  in  renal  blood  flow 
after  breathing  20%  C02 .  Emmanuel  et  al  (45) 
reported  that  renal  resistance  did  not  change  when 
dogs  were  ventilated  with  20%  CO2  in  oxygen  for  5  min. 
In  these  experiments,  renal  blood  flow  was  maintained 
constant  by  perfusion  of  the  renal  artery  in  situ 
and  renal  arterial  pressure  was  measured.  However, 
it  has  been  noted  during  the  preliminary  work 
reported  in  the  present  thesis,  that  cannulation, 
prior  to  renal  perfusion,  frequently  leads  to 
abnormal  hemodynamic  responses.  It  is  also 
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probable,  that  because  of  the  short  period  of 
ventilation  (  5  min) ,  Emmanuel  et  al  (45)  did 
not  achieve  a  steady  state. 

In  agreement  with  many  authors  (4,  24, 

73,  83,  133,  134,  142),  the  results  presented  here 
show  a  significant  decrease  in  renal  blood  flow  as 

PaC02  increase<3.  However,  while  it  is  now  generally 
agreed  that  high  CC>2  causes  a  decrease  in  renal  blood 
flow,  there  is  no  agreement  concerning  which  extra 
or  intrarenal  factors  cause  this  decrease.  It  is 
believed  by  some  to  be  caused  by  renal  sympathetic 
nervous  discharge  (75,  142)  and/or  increased  release 
of  catecholamines  from  the  adrenal  medulla  which  is 
known  to  occur  in  respiratory  acidosis  (79,  147) . 

But,  in  a  recent  report,  Simmons  et  al  (133)  found 
that  renal  denervation  did  not  change  the  renal  blood 
flow  response  to  breathing  CC>2  in  concentrations  up 
to  30%. 

The  results  presented  in  this  thesis 
differ  from  those  of  Simmons  et  al  (133) ,  but  are 
in  agreement  with  earlier  workers  (75,  142),  who 
showed  that  following  renal  denervation,  the  renal 
blood  flow  decrease  seen  in  hypercapnia  was  not  as 
great  as  that  found  in  intact  kidneys.  We  have 
shown  that  while  initial  values  of  blood  flow  (at 
PaC02  °f  35  and  70  mm  Hg)  are  similar  in  the 
denervated  and  the  intact  kidneys,  at  Pac02  va^ues 
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above  112  ram  Hg,  the  RBF  in  the  intact  kidneys  is 
significantly  lower  than  the  RBF  in  the  denervated 
ones . 

When  the  renal  resistance  data  are 
examined,  it  can  be  seen  that  in  the  intact  kidneys 
the  renal  resistance  increases  sharply  only  above 
a  PaC02  of  70  ram  Hg.  The  renal  resistance  changes 
seen  here  in  the  intact  kidneys  correspond  closely 
to  those  reported  by  Simmons  and  Olver  (134),  who 
observed  no  increase  and  even  a  small  decrease  in 
renal  resistance  when  the  PaC02  was  increased  from 
40  to  80  mm  Hg.  Moreover,  in  their  preliminary 
report  (133) ,  they  indicate  that  following  an 
initial  decrease  caused  by  a  moderate  increase  in 
PaC02/  the  rena^-  vascular  resistance  increased 
sharply  at  higher  levels  of  hypercapnia.  In  our 
results,  no  decrease  in  RR  was  observed  at  lower 
levels  of  CO2,  but  a  sharp  increase  in  RR  did  occur 
at  high  PaCo2- 

Since  CC>2  caused  a  large  increase  in 
RR,  which  was  significantly  less  in  denervated 
kidneys,  it  may  reasonably  be  assumed  that  the 
increase  was  mediated  at  least  in  part  by  the  renal 
nerves.  It  is  well  known  that  an  increase  in  PaC02 
causes  an  increase  in  sympathetic  nervous  system 
activity  (18,  59,  141). 
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However,  renal  resistance  in  the 
denervated  kidney  did  increase  slightly  but  signifi¬ 
cantly,  when  PaC02  was  increased  from  35  to  180  mm  Hg. 
This  increase  in  RR  (+35%)  which  was  much  less  than 
the  increase  in  renal  resistance  observed  in  the 
intact  kidneys  (+141%) ,  can  be  accounted  for 
entirely  on  the  basis  of  blood  viscosity  changes  as 
follows:  One  of  the  responses  to  sympathetic  nervous 

system  discharge  is  contraction  of  the  spleen,  a 
large  and  active  organ  in  the  dog  (13).  An  increase 
in  hematocrit  would  therefore  be  expected  to  occur 
when  PaCQ2  is  increased  from  35  to  180  mm  Hg.  In 
the  experiments  reported  here,  the  hematocrit 
changed  with  increasing  carbon  dioxide  from  40-45% 
at  a  PaC02  of  35  mm  Hg,  to  55-60%  at  a  of  180 

mm  Hg.  This  large  increase  in  hematocrit  should 
result  in  a  large  increase  in  blood  viscosity, 
which  in  turn  would  cause  a  large  increase  in 
resistance  to  flow.  According  to  Poiseuille's  Law, 
resistance  varies  directly  with  blood  viscosity. 

From  a  graph  presented  by  Bayliss  (10)  in  which  he 
relates  relative  viscosity  to  hematocrit,  the 
change  in  blood  viscosity,  and  hence  resistance 
were  calculated  for  the  denervated  kidneys.  It 
was  found  that  a  resistance  increase  of  30%  can  be 
attributed  to  the  viscosity  change  due  to  the 
observed  increase  in  hematocrit.  The  overall 
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increase  in  renal  resistance  was  35%  in  the 
denervated  kidneys,  which  can  thus  be  accounted 
for  by  the  change  in  viscosity  due  to  the  increase 
in  hematocrit.  Only  25%  of  the  observed  increase 
of  141%  in  RR  in  the  intact  kidneys  can  be  attributed 
to  increased  viscosity.  The  remaining  120% 
resistance  increase  must  be  mediated  by  renal 
nerves  since  it  is  absent  in  the  denervated 
kidneys . 

It  is  therefore  suggested  that  the 
extrarenal  factors  influencing  RBF  when  carbon 
dioxide  is  increased  are  the  increased  activity  of 
the  sympathetic  renal  vasoconstrictor  nerves,  and 
the  increase  in  blood  viscosity,  also  caused  by  the 
sympathetic  nervous  system  acting  on  the  spleen  to 
increase  the  hematocrit. 

Some  inferences  about  intrarenal  hemo¬ 
dynamic  changes  could  be  obtained  from  measurements 
such  as  GFR,  FF,  C0sni  or  Ep^jj  or  EHj_pp  made  in 
conjunction  with  determinations  of  RBF.  Little 
data  that  could  be  used  for  this  purpose  could  be 
found  in  the  literature. 

The  decrease  in  urine  production  seen 
here  with  increasing  carbon  dioxide  (Fig.  XI)  is 
consistent  with  the  results  of  other  workers  (2, 

22,  48,  65,  141).  It  is  the  opinion  of  Smith  and 
his  associates  (31,  135) ,  that  renal  blood  flow 
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and  urine  production  are  unrelated  under  normal 
conditions.  However,  Van  Slyke  (157)  found  that 
under  abnormal  conditions  such  as  shock  and 
dehydration,  where  renal  blood  flow  is  markedly 
reduced,  a  general  parallelism  exists  between 
these  two  functions.  It  is  probable  that  the 
oliguria  seen  in  intact  kidneys  in  response  to 
hypercapnia  is  at  least  partially  related  to  the 
decrease  in  RBF .  According  to  Chasis  et  al  (31) 

RBF  appears  to  be  controlled  predominantly  by  the 
efferent  glomerular  arteriole.  Our  data  are 
consistent  with  this  conclusion  in  that  the 
filtration  fraction  (FF)  increased  while  RBF 
decreased  with  increasing  carbon  dioxide. 

At  low  levels  of  carbon  dioxide  (PaCo2 
of  35-70  mm  Hg)  a  significant  increase  in  filtration 
fraction  was  observed  in  the  intact  kidneys.  In 
the  same  interval,  GFR,  although  not  changed 
significantly,  showed  a  slight  increase  on  the 
graph,  while  total  renal  resistance  remained 
unchanged.  This  would  occur  if,  while  the  efferent 
arterioles  were  beginning  to  constrict,  the  afferent 
arterioles  dilated  slightly,  leaving  renal  resistance 
unchanged.  The  afferent  arteriolar  dilatation  could 
be  passive  in  response  to  the  downstream  efferent 
arteriolar  constriction.  Since  the  efferent 
arterioles  are  known  to  play  the  larger  role  in 
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the  control  of  RBF,  it  seems  reasonable  that  the 
renal  sympathetic  nerves  to  the  efferent  arterioles 
would  have  a  lower  threshold  for  discharge.  There¬ 
fore,  at  this  low  level  of  C02  stimulus,  one  would 
expect  that  only  the  firing  threshold  of  the 
sympathetic  nerves  to  the  efferent  arterioles  is 
exceeded . 

At  Paco2  levels  above  70  mm  Hg,  both 
efferent  and  afferent  arterioles  are  constricted. 

This  is  indicated  by  the  sharp  increase  in  RR  and 
the  decrease  in  GFR.  However,  from  the  continuous 
increase  in  FF,  it  would  appear  that  at  all  times, 
the  efferent  arterioles  are  constricted  more  than 
the  afferent  arterioles.  At  higher  Pacc>2  leve^s/ 
the  sympathetic  nerves  to  the  afferent  arterioles 
as  well  as  to  the  efferent  arterioles  are  discharging. 
The  efferent  arteriolar  nerves  maintain  their  higher 
rate  of  discharge  when  compared  with  the  nerves  to 
the  afferent  arteriole. 

This  afferent  and  efferent  arteriolar 
constriction  results  in  a  reduction  in  cortical 
blood  flow.  This  is  consistent  with  the  results  of 
Franklin  et  al  (48)  who  observed  renal  cortical 
blanching  in  rabbits  when  exposed  to  high  levels  of 
carbon  dioxide. 

According  to  Reubi  (114)  and  subsequently 
others  (42,  80,  109,  127,  128)  the  extraction  of  PAH 
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varies  directly  with  the  ratio  of  cortical  to 
medullary  blood  flow.  If  this  is  so,  it  can  be 
postulated  that  up  to  a  Pa^Q^  of  112  mm  Hg  (during 
which  we  observe  no  change  in  extraction) ,  renal 
cortical  and  medullary  flows  are  both  decreased. 

Above  a  of  112  mm  Hg,  where  EHj_pp  is  reduced, 

the  cortical  blood  flow  is  decreased  more  than  the 
medullary  blood  flow,  resulting  in  a  relative 
increase  in  medullary  blood  flow. 

The  significant  decrease  in  C0sni  in  the 
intact  kidneys  at  Paco  levels  above  112mm  Hg  is 
probably  a  reflection  of  the  decrease  in  GFR  which 
occurs  at  this  time.  While  changes  in  Cj^o  are  not 
significant,  there  appears  to  be  a  tendency  toward 
the  production  of  a  more  dilute  urine  with  increasing 
hypercapnia.  This,  combined  with  the  decrease  in 
urine  flow,  also  gives  support  to  the  hypothesis  that 
at  high  carbon  dioxide  levels,  the  medullary  blood 
flow  is  increased  relative  to  the  cortical  blood 
flow,  resulting  in  a  decrease  in  the  concentrating 
ability  of  the  kidney.  The  relative  increase  in 
medullary  over  cortical  blood  flow  would  tend  to 
wash  out  the  hyperosmotic  vasa  recta  system  and  thus, 
according  to  the  counter-current  hypothesis  (56) ,  the 
concentrating  ability  of  the  kidney  would  be  impaired 
and  a  more  dilute  urine  would  be  produced. 

Many  workers  believe  in  the  existence 
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of  vascular  shunts  bypassing  the  cortex  of  the 
kidney  (53,  54,  55,  76,  97,  127,  128,  153).  It 
is  also  generally  agreed  that  these  shunts  are  not 
necessarily  open  in  the  normal  intact  kidney  (54, 

76,  127,  128).  The  relative  increase  in  medullary 
blood  flow  compared  to  cortical  blood  flow  seen 
in  the  intact  kidneys  at  high  is  probably 

due  to  a  diversion  of  blood  from  the  cortex  to  the 
medulla.  This  shunting  of  blood  away  from  the 
cortex  could  be  explained  by  two  possible  mechanisms. 
In  response  to  the  known  direct  dilating  action  of 
carbon  dioxide  on  blood  vessels,  shunts  may  open 
which  divert  blood  from  the  cortex.  The  other 
explanation  could  be  that  the  cortical  and  juxta- 
medullary  arterioles  have  a  difference  in  reactivity 
to  sympathetic  nervous  discharge  and/or  circulating 
catecholamines  so  that  at  high  levels  of  stimulation, 
the  cortical  arterioles  are  constricted  more  than 
the  juxtamedullary  arterioles.  Either  or  both  of 
these  mechanisms  would  result  in  a  relative  increase 
in  medullary  blood  flow  when  compared  to  cortical 
blood  flow. 

As  was  shown  previously,  most  of  the 
change  in  RR  in  the  denervated  kidneys  can  be 
explained  in  terms  of  an  increase  in  blood  viscosity 
caused  by  the  increase  in  arterial  hematocrit.  This 
calculation,  which  is  only  an  approximation,  assumes 
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that  the  renal  vessels  are  constant  in  size  and 
number.  However,  most  of  the  change  in  RR  takes 
place  at  low  levels  of  C02  at  which  time,  the  total 
viscosity  change  is  not  complete,  and  circulating 
catecholamines  from  the  adrenal  medulla  probably  are 
not  yet  present  (64,  145) .  At  higher  levels  of  C02 
where  one  would  expect  to  see  an  effect  of  the 
increased  adrenaline,  very  little  further  change  in 
renal  resistance  occurs.  The  reason  for  this  lack 
of  response  of  the  resistance  of  the  denervated 
kidney  to  the  increased  catecholamines  is  unexpected 
and  cannot  be  explained  from  the  present  data. 

It  is  noted  that  GFR  and  EHj_pp  changed 
in  a  parallel  manner  in  the  denervated  kidneys.  The 
greatest  change  is  seen  to  occur  at  low  levels  of 
hypercapnia  (Pacc>2  frorT1  35-112  mm  Hg)  .  Since  the 
renal  nerves  are  not  present,  and,  as  was  stated 
previously,  the  circulating  catecholamines  from  the 
adrenal  medulla  are  not  increased  until  the  Paco2 
is  over  112  mm  Hg,  the  only  factors  which  could  be 
responsible  for  these  observations  are  a  direct 
effect  of  the  C02  on  the  renal  blood  vessels  and/or 
an  effect  of  the  increasing  viscosity  of  the  blood. 

The  significant  decreases  in  GFR  and 

EHipp  between  Pac02  levels  of  35  and  112  mm  Hg  in 
the  denervated  kidneys  are  indicative  of  a  reduction 
in  cortical  blood  flow.  No  significant  change  occurs 
in  FF  in  this  range  of  hypercapnia  so  probably  the 
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efferent  and  afferent  arterioles  are  being  affected 
to  the  same  degree.  While  total  RPF  also  decreases 
in  this  range,  it  is  necessary  to  postulate  a 
redistribution  of  blood  flow  with  cortical  flow 
being  reduced  more  than  medullary  flow  to  explain 
the  large  decrease  in  Ejjipp .  In  the  presence  of 
the  dilating  effect  of  CO2  on  blood  vessels  and  in 
the  absence  of  any  renal  vasoconstrictor  discharge 
in  the  denervated  kidneys,  it  is  possible  that  the 
shunts  open  at  a  lower  C02  level  than  in  the  intact 
kidneys . 

It  is  interesting  to  note  that  the  dogs 
with  denervated  kidneys  had  a  significantly  higher 
hematocrit  at  all  levels  of  CO 2  when  compared  with 
the  dogs  with  intact  kidneys.  The  reason  for  this 
higher  hematocrit  is  definitely  established.  The 
blood  loss  at  all  denervation  operations  was  minimal, 
so  it  is  unlikely  that  hematopoiesis  would  have  been 
stimulated  by  the  operation.  From  a  discussion  with 
the  director  of  the  Vivarium,  Dr.  D.  Secord,  the 
most  likely  explanation  of  the  increased  hematocrits 
in  the  animals  with  denervated  kidneys  is  that  these 
animals  were  in  much  better  physical  condition  than 
the  intact  animals.  The  intact  animals  were  used 
within  3  or  4  days  of  their  arrival  in  the  Vivarium, 
while  the  animals  with  denervated  kidneys  had  from 
2  to  5  weeks  of  good  care  and  feeding.  Similar 
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changes  in  hematocrit  attributable  to  this  reason, 
have  been  observed  previously  by  other  members  of 
the  department  (personal  communication) .  Since  all 
the  denervated  dogs  had  a  higher  hematocrit,  an 
increase  in  hematocrit  caused  by  the  hypercapnia 
would  cause  a  relatively  larger  increase  in  blood 
viscosity.  This  is  because  the  curve  relating  blood 
viscosity  to  hematocrit  is  exponential  in  form  (10) 
so  that  an  increase  in  hematocrit  from  50  to  55% 
causes  a  much  greater  increase  in  blood  viscosity 
than  an  increase  in  hematocrit  from  40  to  45%. 

Therefore  because  of  this  higher  viscosity  in  the 
denervated  kidneys,  viscosity  will  probably  be  much 
more  important  in  the  control  of  intrarenal  hemodynamics 
in  the  denervated  kidneys  than  in  the  intact  kidneys. 

Pappenheimer  and  Kinter  (106)  on  the 
basis  of  cell  separation,  which  has  since  been 
confirmed  by  other  workers  (32,  77,  82,  155),  believe 
that  the  cell  separation  occurs  primarily  in  the 
interlobular  arteries.  The  hematocrit  therefore 
becomes  progressively  higher  toward  the  outer  cortex. 
According  to  Chinard  et  al  (32) ,  an  increased  arterial 
hematocrit  increases  the  phenomenon  of  plasma  skimming 
so  the  accumulation  of  red  cells  in  the  outer  cortex 
would  be  increased  both  by  the  increase  in  arterial 
hematocrit  occurring  with  the  hypercapnia,  and  by 
the  increased  cell  separation  caused  by  the  increased 


hematocrit . 
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Cortical  glomeruli  are  usually  considered 
to  have  a  higher  resistance  to  blood  flow  than  the 
juxtamedullary  glomeruli  which  have  wide  efferent 
arterioles  leading  into  the  vasa  recta  system. 

Therefore,  cortical  blood  flow  could  be  expected 
to  decrease  because  of  the  combined  high  glomerular 
resistance  and  the  greatly  increased  cortical 
hematocrit,  resulting  in  an  increased  viscosity. 

According  to  Burton  (28) ,  at  hematocrits  over  60%, 
considerable  deformation  of  red  cells  occurs  and 
there  may  even  be  a  tendency  toward  sludging  of 
blood  in  cortical  glomeruli  as  reported  by  Warner 
(161) .  The  overall  increase  in  renal  resistance 
which  occurs  in  the  denervated  kidney  may  therefore 
be  due  to  a  combination  of  the  effects  of  blood 
viscosity,  especially  in  the  cortex,  and  the  opening 
of  some  shunts  which  bypass  the  cortex. 

The  increase  in  FF  at  PaCQ2  levels 
above  112  mm  Hg  results  from  a  slight  increase  in 
GFR  and  a  slight  decrease  in  RPF.  Although  the 
increase  in  FF  is  significant,  the  changes  in  GFR 
and  RPF  are  not.  The  increase  in  FF  must  be  due  to 
a  relative  increase  in  efferent  to  afferent 
arteriolar  resistance.  One  possible  explanation  of 
the  increase  in  FF  at  Pa^02  ievel-s  above  112  mm  Hg 
is  that  the  increased  circulating  catecholamines, 
which  are  known  to  be  present  at  this  level  of  CO2  (145)  , 
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are  constricting  the  efferent  arterioles  more  than 
the  afferent  arterioles.  Since  the  renal  blood 
flow  is  controlled  mostly  by  changes  in  the 
efferent  arteriole  (31)  it  may  be  that  the  efferent 
arteriole  is  more  sensitive  to  the  catecholamines 
than  the  afferent  arteriole.  Circulating  catechol¬ 
amines  also  are  thought  to  have  a  greater  effect 
on  downstream  renal  venous  segments  (166)  so  with 
the  increasing  downstream  resistance  due  to  efferent 
arteriolar  and  perhaps  venous  segment  constriction, 
the  afferent  arterioles  may  be  passively  dilating 
so  that  no  increase  in  total  renal  resistance  occurs. 

cOsm'  cH20'  an<^  uri-ne  flow  follow  parallel 
courses  in  the  denervated  kidneys  but  the  observed 
changes  are  not  significant.  The  fact  that  urine 
flow  is  maintained  when  GFR  undergoes  a  significant 
decrease  is  additional  evidence  indicating  a  relative 
increase  in  medullary  blood  flow  compared  to  the 
cortical  blood  flow  which  would  impair  the  renal 
concentrating  mechanism. 
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SUMMARY  AND  CONCLUSIONS 


1.  Acute  hypercapnia  was  induced  in  anesthetized 
(o(-c hloralose)  dogs  with  intact  and  denervated 
kidneys  by  ventilating  them  by  means  of  positive 
pressure  with  mixtures  of  gas  containing  10, 

15  or  20%  C02  in  02  . 

2.  After  at  least  10  minutes  ventilation  at  any 
one  level  of  C02 ,  two  consecutive  10  minute 
clearances  measurements  were  performed. 

3.  During  each  clearance  period,  the  following 
quantities  were  measured:  cHipp/  Eftipp/  cCreat' 
cOsm'  arterial  Hct,  mean  renal  venous  and 
arterial  blood  pressure,  pH  and  Pco2  arterial 
blood,  %  C02  in  inspired  air. 

4.  From  these  measurements,  the  following  calculations 
were  made:  ERPF,  RPF,  RBF,  GFR,  FF,  RR,  Cj^o • 

5.  In  the  intact  kidneys,  at  low  levels  of  Pa^^ 

(35-70  mm  Hg) ,  there  is  evidence  of  efferent 


arteriolar  constriction  and  afferent  arteriolar 


,oP  .fi.l  .q, ,*t,&a*up 

1 


91. 


dilatation . 

6.  It  is  postulated  that  this  low  level  stimulus 
to  the  sympathetic  nervous  system  results  in 
sympathetic  discharge  to  only  the  efferent 
arterioles.  The  afferent  arteriolar  dilatation 
is  probably  passive,  in  response  to  the  efferent 
arteriolar  constriction. 

7.  At  higher  levels  of  C02  (PaCo2  above  70  mm  Hg) 
the  afferent  arterioles  also  constrict,  but  the 
efferent  arterioles  maintain  a  greater 
constriction  than  the  afferent  arterioles. 

8.  At  very  high  Pa<2o2  (above  112  mm  Hg)  there  is 
evidence  that  there  is  a  relative  increase  in 
medullary  compared  with  cortical  blood  flow. 

9.  The  relative  increase  in  medullary  blood  flow 
could  be  due  to  opening  of  shunts  by  the  direct 
dilating  action  of  C02  on  blood  vessels,  or  to 
a  difference  in  reactivity  of  cortical  and 

j uxtamedullary  arterioles  to  an  increase  in 
sympathetic  discharge  and  circulating  catechol¬ 
amines. 

10.  In  the  denervated  kidneys,  there  is  evidence  that 
cortical  blood  flow  is  decreased  between  PaC02 
of  35  and  112  mm  Hg.  This  decrease  in  cortical 
blood  flow  can  be  explained  on  the  basis  of 
shunts  which  open  at  a  lower  C02  level  than  in 
the  intact  kidney  due  to  the  absence  of  sympathetic 
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nervous  discharge  and  to  the  direct  dilating 
action  of  CO2  on  blood  vessels. 

11.  Because  the  Hct  is  significantly  higher  in  the 
dogs  with  denervated  kidneys  at  all  levels  of 
CC>2  when  compared  to  the  dogs  with  intact 
kidneys,  viscosity  will  play  a  much  greater 
role  in  the  redistribution  of  flow  in  the 
denervated  kidneys. 

12.  The  increased  Hct  causes  increased  plasma 
skimming,  so  Hct  and  thus  viscosity  is  greatly 
increased  in  the  outer  cortex.  Since  cortical 
glomeruli  normally  have  a  higher  resistance  to 
flow  compared  with  juxtamedullary  glomeruli,  flow 
will  probably  decrease  more  in  the  cortex  than 

in  the  juxtamedullary  region.  This  would  cause 
cortical  blood  flow  to  decrease  relative  to 
medullary  blood  flow. 

13.  At  PaCo2  levels  above  112  mm  Hg,  when  circulating 
catecholamines  from  the  adrenal  medulla  are 
probably  present,  the  efferent  arterioles  are 
constricted  more  than  the  afferent  arterioles 

as  is  indicated  by  the  increasing  FF.  There  is 
a  possibility  that  the  efferent  arterioles  are 
more  responsive  to  catecholamines  when  compared 


to  the  afferent  arterioles. 
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Table  2a. 

Extraction 

of  Hippuran 

-  Intact 

Kidneys . 

Expt.  No. 

R1 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaCC>2 

91-130 

PaCC>2 

131-210 

*i 

0.617 

0.659 

0.628 

0.719 

0.593 

I2 

0.603 

0.638 

0.697 

0.577 

0.465 

*3 

0.561 

0.584 

0.566 

0.714 

0.657 

*4 

0.648 

0.708 

0.665 

0.605 

0 . 661 

X5 

0.682 

0.701 

0.712 

0.589 

0.632 

*6 

0.636 

0.617 

0.603 

0.614 

i? 

0.556 

0.484 

0.566 

0.775 

0.681 

0.760 

0.689 

0.712 

19 

0.546 

0.535 

0.567 

0.509 

0.534 

Iio 

0.652 

0.726 

0.665 

0.650 

0.622 

- 
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Table  2a.  Continued. 


Expt.  No. 

Ri 

r2 

R3 

r4 

in  R 

0.649 

0.634 

0.645 

I11  L 

0.608 

0.613 

0.541 

1 12 

0.645 

0.623 

0.652 

0.691 

0.550 

Il3 

0.624 

0.708 

0.685 

0.586 

0.625 

X 

SD 

SEM 

0.628 

±0.076 

±0.017 

0.636 

±0.063 

±0.014 

0.651 

±0.647 

±0.019 

0.603 

±0.054 

±0.016 

Rl-R3  '  p  =  <0.005 

R2-R3 '  p  =  °*07 

-•  r]_-r2  /  P  =  <0.025 

r3-R4< 


P  =>0.10 
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Table  2b. 

Extraction 

of  Hippuran 

-  Denervated  Kidneys. 

Expt.  No. 

Ri 

r2 

r3 

r4 

Paco2 

25-45 

Paco2 

46-90 

PaC02 

91-130 

Paco2 

131-210 

°i 

0.664 

0.683 

0.621 

0.527 

0.654 

d2 

0.698 

0.689 

0.776 

0.710 

0.680 

d3 

0.806 

0.797 

0.717 

0.763 

0.718 

d4 

0.620 

0.610 

0.620 

0.520 

0.580 

D5 

0.737 

0.728 

0.599 

0.572 

0.857 

d6 

0.601 

0.643 

0.624 

0.663 

0.625 

D  7 

0.639 

0.501 

0.616 

0.566 

0.558 

D8 

0.628 

0.526 

0.584 

0.436 

0.490 

da 

113. 


Table  2b.  Continued. 


Expt.  No. 

Ri 

r2 

R3 

R4 

D9 

0.585 

0.575 

0.445 

0.539 

0.564 

D10 

0.520 

0.604 

0.563 

0.613 

0.492 

X 

0.675 

0.609 

0.554 

0.612 

SD 

±0.070 

±0.083 

±0.076 

±0.118 

SEM 

±0  o  018 

±0.022 

±0.029 

±0.033 

Ri-r3/  p 

=  <0.005 

r2-r3,  P 

=  0.07 

Ri-r2,  p 

=  <0.025 

R3-R4,  p 

=  >0.10 

R1I-R1D/ 

P  =  0.05 

R2I-R2D, 

P  =>0.10 

R3I-R3D , 

P  =  <  0.005 

I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 
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Table  3a. 

Renal  Blood 

Flow  - 

Intact  Kidneys. 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

Paco2 

46-90 

Paco2 

91-130 

Paco2 

131-210 

*1 

139.6 

116.3 

72.3 

47.1 

58.3 

*2 

125.6 

92.3 

59.1 

85.8 

64.0 

13 

118.4 

112.3 

62.0 

74.4 

36.5 

116.3 

87.2 

99.1 

101.7 

93.3 

I5 

92.6 

58.1 

49.9 

82.7 

46.9 

*6 

173.8 

150.5 

118.0 

54.3 

I7 

286.9 

255.6 

236.5 

x8 

96.4 

124.3 

102.7 

122.7 

89.7 

J9 

161.3 

141.1 

127.1 

110.9 

100.5 

,-.101 
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Table  3a. 

Continued . 

Expt.  No. 

Ri 

R2 

R3 

R4 

I10 

94.7 

61.4 

29.4 

44.1 

28.7 

I11  R 

71.4 

57.7 

42.2 

In  L 

73.5 

58.8 

42.5 

*12 

120.0 

113.2 

101.7 

106.7 

60.9 

1 13 

203.7 

116.5 

86.3 

74.3 

77.2 

X 

122.5 

105.3 

81.1 

63.8 

SD 

SEM 


±  66.4 
±14.5 


±  42.0 
±  9.9 


±  23.4 
±  6.8 


±  23.9 
±  6.9 


r1_r2  '  p  =>0.15 
r1“r3 /  p  =  < 0.025 
R3-R4  /  p  =<0.05 
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Table  3b. 

Renal  Blood 

Flow  - 

Denervated 

Kidneys . 

Expt .  No. 

Ri 

r2 

R3 

r4 

Paco2 

PaCC>2 

Paco2 

Paco2 

25-45 

46-90 

91-130 

131-210 

Dl 

109.6 

70.1 

84.7 

80.1 

55.8 

d2 

152.7 

110.1 

75.2 

122.0 

92.9 

d3 

145 . 5 
138.9 

85.5 

145.7 

97.2 

d4 

135.9 

108.6 

104.4 

92.4 

96.7 

°5 

137.9 

152.8 

159.7 

172.0 

103.3 

d6 

184.5 

202.2 

124.5 

159.6 

104.9 

D7 

127 . 1 

156.5 

87.0 

84.1 

130.7 

D8 

150.8 

168.9 

131.8 

132.8 

87.5 

wo  t  b  i  srr 


Table  3b.  Continued. 


Expt.  No. 

Ri 

r2 

R3 

r4 

d9 

199.5 

97.4 

228.6 

118.5 

86.9 

D10 

101.0 

71.2 

55.6 

57.5 

46.3 

X 

SD 

SEM 

133.6 
±  34.4 
±  8.9 

116.9 
±  42.8 
±  11.1 

109.3 
±  38.4 
±  14.5 

107.8 
±  45.8 
±  12.7 

Rl-R3  f 

P  =  0.08 

r1~r4 / 

P  =  0.051 

R3I-R3D#  P  =  <  0 .05 
R4I-R3D,  P  =  <0.005 


I  -  Intact  kidneys 
D  -  Denervated  kidneys 


— 
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Table  4a. 

Renal  Plasma 

Flow  - 

Intact  Kidneys 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

Paco2 

91-130 

PaC02 

131-210 

Ji 

90.8 

78.4 

45.7 

30.6 

35.0 

I2 

85.4 

60.6 

38.7 

55.8 

41.5 

I3 

79.3 

72.5 

38.2 

45.4 

21.3 

u 

76.7 

57.6 

67.4 

58.8 

52.8 

15 

64.8 

40.0 

34.7 

43.9 

25.8 

*6 

116.1 

105.4 

76.8 

32.6 

J7 

173.8 

121.5 

109.3 

J8 

53.7 

65.9 

56.4 

63.3 

47.1 

P9 

105.4 

94.4 

73.3 

69.8 

57.4 

119 


Table  4a.  Continued. 


Expt.  No. 

Ri 

r2 

r3 

r4 

1 10 

61.3 

31.7 

14.0 

35.9 

17.2 

& 

r—i 

r—i 

H 

44.2 

33.3 

20.5 

1 11  L 

45.7 

33.9 

20.6 

I12 

53.4 

59.9 

56.4 

50.0 

31.1 

I13 

128.3 

47.4 

73.5 

47.8 

48.1 

X 

73.2 

65.1 

47.7 

36.4 

SD 

+ 

28.6 

±  26.2 

±  11.2 

±  14.6 

SEM 

± 

6.4 

±  6.0 

±  3.2 

±  4.2 

Rl-R3 '  p  =  <0.025 
R1_r4  •  p  =  <0.005 


— 
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Table  4b. 

Renal  Plasma 

Flow  - 

Denervated 

Kidneys 

Expt.  No. 

R1 

R2 

R3 

r4 

PaC02 

PaC02 

PaC02 

Paco2 

25-45 

46-90 

91-130 

131-210 

Di 

68.5 

42.4 

49.3 

46.3 

29.8 

d2 

85.3 

56.9 

45.2 

51.3 

44.2 

d3 

80.0 

74.2 

43.2 

72.4 

42.6 

d4 

83.6 

67.9 

67.3 

58.6 

51.0 

°5 

88.9 

89.7 

95.2 

94.4 

52.9 

D6 

97.2 

99.4 

61.3 

76.1 

47.2 

D7 

70.1 

82.7 

51.7 

43.7 

71.1 

D8 

81.4 

74.5 

57.5 

58.1 

49.7 

oei-ie 
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Table  4b.  Continued. 


Expt .  No. 

Ri 

r2 

r3 

r4 

Dg 

106.5 

44.1 

94.7 

49.9 

38.5 

D10 

60.7 

29.7 

42.9 

33.1 

26.1 

X 

76.4 

61.9 

57.1 

50.3 

SD 

±17.7 

±19.3 

±21.1 

±17.2 

SEM 

±  4.6 

+  5.0 

±  8.0 

+  4.8 

R1“R2 • 

P  =  0.05 

R1-R4/  P  =  <0.005 


R3I-R3D,  P  =>0.10 
R4I-R4D ,  P  =  <  0.025 


I  -  Intact  Kidneys 
D  —  Denervated  Kidneys 


. 


eso.o>«  q  %a**-X£* 
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Table  5a. 

Effective 

Renal  Plasma 

Flow  - 

Intact  Kidneys. 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

Paco2 

46-90 

PaC02 

91-130 

PaC02 

131-210 

Ji 

56.7 

51.1 

28.7 

22.0 

20.7 

*2 

51.5 

38.7 

26.9 

32.2 

17.2 

J3 

44.5 

42.2 

21.3 

32.4 

14.0 

*4 

49.7 

40.7 

44.9 

35.4 

34.8 

*5 

44.2 

27.9 

24.7 

28.8 

16.3 

J6 

73.8 

64.9 

46.4 

20.0 

I? 

95.9 

58.8 

62.1 

41.6 

44.9 

42.8 

43.6 

33.5 

19 

57.6 

50.5 

41.3 

35.5 

30.7 
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Table  5a.  Continued. 


Expt.  No. 

Ri 

r2 

r3 

r4 

o 

r—l 

H 

39.9 

20.9 

9.2 

18.7 

10.7 

*11 

27.7 

12 . 1 

20.4 

28.7 

21.1 

13.2 

J12 

34.3 

37.6 

36.6 

34.8 

17.1 

1 13 

81.2 

27.8 

52.2 

32.3 

30.4 

H 
t— 1 

JO 

36.3 

23.0 

16.8 

24.9 

21.1 

X 

44.6 

38.4 

29.8 

21.9 

SD 

±20.4 

±15.7 

±  8.7 

±  9.1 

SEM 

±  4.6 

±  3.2 

±  2.4 

±  2.6 

r!-R3, 

P  =  0.01 

r1-r4 ,  P  =  <  0 . 005 


.  . - 


/V 


l.  OS 


, 
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Table  5b. 

Effective 

Kidneys . 

Renal  Plasma 

Flow  - 

Denervated 

Expt.  No. 

Ri 

r2 

R3 

r4 

PaC02 

Paco2 

PaC02 

PaC02 

25-45 

46-90 

91-130 

131-210 

Di 

45.5 

29.0 

30.6 

24.1 

19.3 

D2 

59.5 

43.6 

35.1 

36.2 

30.0 

D3 

64.2 

59.2 
34.1 

55.3 

30.3 

d4 

51.6 

41.3 

41.5 

30.3 

29.3 

d5 

64.6 

65.2 

57.0 

53.7 

43.3 

°6 

58.0 

63.8 

38.1 

50.4 

29.5 

D7 

45.2 

41.1 

29.7 

24.7 

38.9 

d8 

51.5 

39.0 

33.6 

25.3 

24.3 

d9 

61.3 

25.3 

37.9 

26.8 

21.7 
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Table  5b.  Continued. 


Expt.  No. 

R1 

R2 

R3 

r4 

D10 

31.7 

17.9 

24.0 

20.2 

12.8 

X 

51.4 

37.8 

31.1 

30.0 

SD 

±11.4 

±12.7 

+  11.7 

±10.2 

SEM 

±  2.9 

±  3.3 

±  4.4 

±  2.8 

Rx-I^,  P  =  4  0.005 
R2-R3,  P  =  >0.10 


R1I-R1D/  P  =  >0.10 
R4I-R4D,  P  =  <  0.025 


I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 


> 


oi  ..o  <  -  s  ,a  h-  riH 


126. 


Table  6a. 

Glomerular 

Filtration 

Rate  - 

Intact  Kidneys. 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaCC>2 

PaCC>2 

PaC02 

PaC02 

25-45 

46-90 

91-130 

131-210 

17.8 

21.2 

17.3 

15.8 

14.6 

*2 

18.8 

16.1 

13.8 

14.8 

8.8 

*3 

17.8 

19.4 

12.5 

20.1 

10.1 

I4 

28.0 

27.2 

24.2 

31.1 

24.9 

20.3 

15.8 

17.5 

16.0 

11.9 

*6 

32.0 

29.6 

21.4 

11.8 

17 

33.4 

26.3 

28.2 

*8 

17.8 

23.3 

25.5 

25.8 

22.9 

Iq 

18.3 

16.4 

15.0 

15.9 

16.2 

- - - - ; _ _ 
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Table  6a.  Continued. 


Expt .  No. 

Ri 

r2 

^3 

r4 

o 

r—1 

H 

19.7 

13.7 

8.0 

10.3 

8.3 

in  R 

8.3 

7.9 

8.0 

I11  L 

8.7 

7.3 

6.8 

1 12 

17.1 

18.8 

18.2 

20.6 

11.4 

1 13 

30.3 

29.0 

21.2 

18.4 

19.1 

X 

18.0 

20.7 

18.1 

14.6 

SD 

±  7.7 

±  7.0 

+  5.1 

±6.0 

SEM 

±  1.7 

±  1.6 

±  1.5 

±1.7 

r1-R4, 

P  = 

0.051 

R2~r4' 

P  = 

0.005 
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Table  6b.  Glomerular  Filtration  Rate  -  Denervated 
Kidneys . 


Expt.  No. 

R1 

R2 

r3 

r4 

Paco2 

Paco2 

Paco2 

Paco2 

25-45 

46-90 

91-130 

131-210 

Di 

14.4 

12.9 

11.0 

12.3 

10.4 

d2 

17.6 

16.9 

16.1 

17.2 

13.0 

d3 

24.1 

20.7 

15.9 

22.8 

16.0 

d4 

25.1 

18.1 
20.7 

16.0 

16.9 

d5 

27.5 

27.2 

32.7 

25.2 

24.6 

d6 

18.2 

17.9 

21.7 

24.1 

18.9 

D7 

18.8 

18.1 

13.5 

14.7 

15.2 

d8 

21.6 

20.1 

18.0 

16.8 

16.9 

D9 

21.8 

12.4 

20.0 

17.0 

12.3 

129 


Table  6b.  Continued. 


Expt .  No. 

Ri 

*2 

r3 

r4 

D10 

18.7 

13.1 

15.9 

14.7 

10.3 

X 

20.3 

18.0 

15.8 

16.9 

SD 

±  4.4 

±  5.2 

±  4.7 

+  4.3 

SEM 

±  1.1 

±  1.4 

±  1.8 

±  1.2 

R1-R3#  P  =  <  0.025 
r1-R4/  P  =  0.025 


RiI-R-lD,  P  =  0.15 

R4I-R4D,  P  =  >  0.10 


I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 


_ 
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Table  7a. 

Filtration 

Fraction 

-  Intact  Kidneys. 

Expt .  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaCC>2 

46-90 

PaC02 

91-130 

PaCC>2 

131-210 

0.197 

0.275 

0.378 

0.158 

0.418 

*2 

0.220 

0.265 

0.359 

0.265 

0.261 

*3 

0.224 

0.265 

0.340 

0.443 

0.479 

*4 

0.366 

0.541 

0.403 

0.412 

0.473 

I5 

0.313 

0.438 

0.462 

0.360 

0.462 

*6 

0.275 

0.281 

0.278 

0.362 

*7 

0.195 

0.218 

0.257 

is 

0.333 

0.365 

0.459 

0.396 

0.487 

19 

0.174 

0.169 

0.227 

0.232 

• 

>£  .  0 
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Table  7a.  Continued. 


Expt .  No. 

R1 

r2 

r3 

r4 

o 

f— 1 

H 

0.321 

0.402 

0.436 

0.569 

0.484 

I11  R 

0.187 

0.238 

0.387 

I11  L 

0.195 

0.227 

0.331 

X12 

0.301 

0.322 

0.319 

0.411 

0.367 

x13 

0.237 

0.393 

0.454 

0.388 

0.380 

Ri-R2. 


P  =  <  0.025 


.  J 
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Table  7b. 

Filtration 

Fraction 

-  Denervated 

Kidneys . 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaCC>2 

91-130 

PaCC>2 

131-210 

Di 

0.211 

0.305 

0.223 

0.267 

0.351 

D2 

0.207 

0.301 

0.357 

0.335 

0.294 

d3 

0.306 

0.297 

0.368 

0.314 

0.386 

d4 

0.300 

0.271 

0.312 

0.276 

0.337 

D5 

0.325 

0.304 

0.343 

0.268 

0.480 

% 

0.188 

0.180 

0.357 

0.319 

0.403 

D7 

0.267 

0.225 

0.270 

0.337 

0.275 

d8 

0.265 

0.275 

0.313 

0.290 

0.314 

D9 

0.205 

0.280 

0.241 

0.341 

0.328 
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Table  7b.  Continued. 


Expt.  No. 

R1 

r2 

r3 

r4 

D10 

0.306 

0.449 

0.378 

0.444 

0.394 

X 

0.274 

0.303 

0.296 

0.357 

SD 

±0.052 

±0 .069 

+0.039 

±0.067 

SEM 

±0.013 

±0.018 

±0 .010 

±0.019 

Rl-R3 • 

P  =  0.10 

R2-R4 • 

P  =  <  0.025 

R2I-R2D,  P  =>0.10 
R3l-R3D,  P  =  0.074 

R4I-R4D,  P  =<  0.025 


I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 


A- 


3  Jbi;  b©itv:  *•  C 
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Table  8a. 

Urine  Flow 

-  Intact 

Kidneys . 

Expt.  No. 

Ri 

r2 

r3 

R4 

PaCC>2 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

*2 

1.27 

1.01 

0.57 

0.97 

0.39 

14 

1.05 

1.26 

2.13 

0.86 

1.09 

x5 

0.76 

0.69 

0.76 

0.55 

0.50 

16 

0.55 

0.54 

0.46 

0.29 

0.93 

0.73 

0.46 

*8 

0.27 

0.30 

0.63 

0.35 

0.96 

J9 

1.43 

1.69 

1.16 

1.39 

1.11 

O 

1 - 1 

H 

0.59 

1.18 

0.82 

0.54 

0.88 

I11  L 

1.76 

2.05 

1.01 

Il2 

0.27 

1.30 

1.77 

0.64 

0.56 

II. I 
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Table  8a.  Continued. 


Expt .  No. 

Ri 

r2 

r3 

r4 

1 13 

1.55 

0.63 

0.77 

1.00 

0.47 

X 

0.87 

0.87 

0.71 

0.55 

SD 

±0.46 

±0 .49 

±0.50 

+0.34 

SEM 

±0.09 

±0 . 10 

±0.13 

±0 . 08 

r1-r4,  P  =  <  0.025 
r2-r4,  P  =  <  0.01 


r- 
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Table  8b. 

Urine  Flow 

-  Denervated 

Kidneys . 

Expt.  No. 

Ri 

r2 

^3 

r4 

P^C02 

Pacc>2 

Pac02 

Pacc>2 

25-45 

46-90 

91-130 

131-210 

Di 

0.80 

0.91 

1.27 

0.94 

0.65 

d2 

0.91 

0.82 

1.21 

1.26 

1.05 

d3 

1.34 

1.18 

0.47 

1.35 

0.70 

d4 

1.62 

1.48 

2.04 

1.62 

1.36 

d5 

1.52 

1.52 

1.61 

2.05 

1.31 

06 

1.40 

1 . 66 

0.93 

1.44 

1.08 

d7 

0.60 

1.29 

0.49 

0.70 

1.48 

d8 

0.97 

1.39 

1.86 

1.61 

1.87 

d9 

1.16 

0.48 

0.60 

0.58 

0.51 

:  y-  •  :jp,  if.  -  '■ 

- 


-  T 


:  ?-0 

-  L  

Sd.I 
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Table  8b.  Continued. 


Expt .  No. 

R1 

r2 

r3 

r4 

D10 

0.37 

0.32 

0.41 

0.22 

0.18 

X 

1.19 

1.05 

1.23 

0.94 

SD 

±0.42 

±0.51 

±0.61 

±0.50 

SEM 

±0.11 

±0.13 

±0.23 

±0.14 

RI-R4,  P  =  >0.10 


I 


RlI-R1D/  P 


<  0.025 


P-2  i  “^2^ ' 
R3i~R3d , 

R4I-R4D, 


P  =  >  0 . 10 

P  =  0.025 

P  =  <  0.01 


Intact  Kidneys 


-  Denervated  Kidneys 


D 


cO.  1 


c  ■''  < 
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Table  9a. 

Osmolar 

Clearance  - 

Intact  Kidneys 

• 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

*2 

1.20 

1.08 

0 . 66 

1.03 

0.48 

*4 

1.61 

1.46 

2.47 

1.33 

1.43 

*5 

0.87 

1.06 

1.17 

0.75 

0.73 

16 

1.78 

1.41 

1.03 

0.68 

1.95 

1.82 

1.21 

*8 

0.50 

0.50 

1.04 

0.69 

1.25 

X9 

2.01 

1.91 

1.46 

1.32 

0.93 

o 

r~4 

H 

1.02 

0.89 

0.85 

0.61 

0.78 

I11  L 

1.56 

1.47 

0.89 

*12 

0.53 

1.15 

1.35 

1.15 

0.65 

1 13 

1.72 

0.99 

0.71 

0.61 

0.83 

•  ■  q.. 


I1 
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Table  9a.  Continued. 


Expt.  No 

• 

Ri 

r2 

r3 

r4 

in 

r— 1 

H 

R 

0.65 

0.72 

0.58 

0.79 

0.90 

*16 

R 

1.40 

1.22 

1.29 

1.25 

0.90 

I17 

R 

0.64 

0.79 

0.55 

0.48 

X18 

R 

0.97 

0.97 

0.90 

0.54 

0.68 

*19 

R 

0.77 

0.65 

1.37 

0.71 

1.12 

I20 

R 

0.92 

0.14 

*21 

R 

0.55 

0.78 

0.66 

0.38 

X 

SD 

SEM 

1.14 

±0.45 

±0.09 

1.03 

+0.34 

±0.07 

0.99 

+0.60 

±0.17 

0.72 

+0.37 

±0.09 

r1“r4 /  P  =  <  0.005 
R2-R4 /  P  =  0.005 

r3"r4 • 


P 


0.05 


-  ■  - 


— 


■■  —  1  - 


/V 


s.c 


sr.o 

• 
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Table  9b. 

Osmolar 

Clearance  - 

Denervated 

Kidneys . 

Expt.  No. 

R1 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

Di 

1.06 

0.77 

1.32 

0.93 

0.90 

d2 

0.84 

0.82 

1.11 

1.33 

1.61 

D3 

1.75 

1.45 

0.73 

1.89 

0.61 

d4 

1.05 

1.34 

1.18 

1.28 

1.23 

d5 

1.47 

1.86 

1.64 

2.44 

1.66 

De 

0.86 

1.19 

0.87 

1.41 

0.98 

d7 

1.17 

1.60 

0.76 

0.91 

1.38 

d8 

1.37 

1.59 

1.62 

1.57 

1.61 

d9 

1.31 

0.73 

0.89 

0.74 

0.86 

D10 

0.78 

0.83 

0.61 

0.62 

0.47 

X 

SD 

SEM 

1.21 

±0.34 

±0.09 

1.17 

±0.41 

±0.11 

1.32 

±0.58 

±0.22 

1.08 

±0.42 

±0.12 

R4I-R4D, 


P 


0.01 


— —  - 
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Table  10a. 

Free  Water 

Clearance 

-  Intact 

Kidneys . 

Expt.  No. 

Ri 

p2 

*3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

*2 

+0.07 

-0.07 

-0.07 

-0.06 

-0.09 

14 

-0.56 

-0.20 

-0.34 

-0.47 

-0.34 

-0.13 

-0.37 

-0.41 

-0.20 

-0.23 

*6 

-0.73 

-0.87 

-0.57 

-0.39 

I7 

-1.03 

-1.09 

-0.76 

*8 

-0.23 

-0.20 

-0.41 

-0.34 

-0.29 

X9 

-0.58 

-0.22 

-0.30 

+0.07 

+0 . 18 

O 

r“l 

H 

-0.043 

+0.29 

-0.03 

+0 . 18 

1— 1 

1 - 1 

H 

+0 . 20 
+0.58 

+0.12 

1 12 

-0.26 

+0.15 

+0.42 

-0.51 

-0.09 

VO.G+ 


.1.0- 
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Table  10a.  Continued. 


Expt.  No 

• 

Ri 

r2 

R3 

r4 

1 13 

-0.17 

-0.22 

-0.24 

+0.02 

+0.17 

I15 

R 

+0.34 

-0.24 

+0.31 

-0.15 

-0.46 

16 

R 

-0.68 
-0 . 66 

-0.49 

-0.50 

-0.46 

1 17 

R 

+0.28 

+0 . 34 
-0.12 

-0.18 

CO 

1 — 1 

H 

R 

-0.50 

-0.29 

-0.36 

-0.26 

-0.13 

X19 

R 

-0.30 

-0.19 

+0.11 

-0.26 

-0.13 

J20 

R 

-0.26 

-0.05 

*21 

R 

-0.33 

-0.35 

-0.40 

-0.22 

X 

SD 

SEM 

-0.28 

±0.45 

±0.09 

-0.18 
±0 . 90 
±0.18 

-0.13 

±0.82 

±0.23 

-0.14 

±0.18 

±0.05 

Rl-R4,  P  =  0.10 

R3— R4 ,  P  =  0.085 


• 
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Table  10b. 

Free  Water 

Clearance 

-  Denervated 

Kidneys . 

Expt .  No. 

Ri 

r2 

r3 

R4 

Pac02 

25-45 

Pac02 

46-90 

Pac02 

91-130 

Pacc>2 

131-210 

Di 

-0.26 

+0.14 

-0.05 

+0.01 

-0.25 

d2 

+0.07 

0.00 

+0.10 

-0.07 

-0.56 

d3 

-0.42 

-0.28 

-0.27 

-0.54 

+0.09 

D4 

+0 . 57 
+0.14 
+0.86 

+0.34 

+0.13 

e>5 

+0.05 

-0.34 

-0.03 

-0.39 

-0.35 

d6 

+0.54 

+0.47 

+0.06 

+0.03 

+0.10 

d7 

-0.57 

-0.31 

-0.27 

-0.21 

+0.10 

d8 

-0.40 

-0.20 

+0.24 

+0.04 

+0.26 

d9 

-0.15 

-0.25 

-0.29 

-0.16 

-0.35 

o 

1 — 1 

Q 

—  0 . 48 
-0.42 
-0.39 

-0.40 

-0.29 

R 

SD 

SEM 

-0.02 
±0.24 
±0 . 06 

-0.12 

±0.28 

±0.07 

-0.89 

±0.09 

±0.03 

-0.14 

±0.79 

±0.22 

R-lI-RlD, 

P  =<0.05 

R3I-R3D, 

P  =  0.09 

I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 


- 
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Table  11a. 

Renal 

Resistance  - 

Intact  Kidneys 

• 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

*2 

1.00 

1.16 

2.32 

1.51 

2.41 

*3 

0.98 

0.99 

1.80 

1.70 

3.73 

*4 

0.99 

1.56 

1.17 

1.13 

1.45 

15 

1.20 

2.35 

2.73 

1.38 

2.65 

*6 

0.72 

0.77 

0.80 

2.31 

*7 

0.45 

0.53 

0.61 

Is 

1.31 

0.91 

1.12 

1.01 

1.39 

19 

0.65 

0.81 

0.65 

0.84 

1.11 

1 10 

1.01 

1.50 

1.38 

3.57 

2.96 

r—J 

1 — 1 

H 

1.77 

2.21 

2.75 
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Table  11a.  Continued. 


Expt.  No. 

Ri 

r2 

r3 

r4 

r— 1 

1 — 1 

H 

1.72 

2.17 

2.74 

J12 

0.72 

0.94 

1.09 

0.95 

2.06 

113 

0.70 

1.65 

1.25 

1.95 

1.74 

X 

1.29 

1.25 

1.53 

2.25 

SD 

±0.68 

±0.64 

±0.58 

±0.89 

SEM 

±0.16 

±0.15 

±0.18 

±0.27 

Rl-R4 •  p  =  <  0.005 

r1“r3 '  p  =  >  0 • 10 

R2-R3,  P  =  >0.10 


• 
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Table  lib. 

Renal 

Resistance  - 

Denervated 

Kidneys . 

Expt.  No. 

Ri 

R2 

R3 

r4 

P^C02 

PaCC>2 

PaC02 

PaC02 

25-45 

46-90 

91-130 

131-210 

Di 

1.06 

1.53 

1.32 

1.39 

2.18 

d2 

0.78 

1.15 

1.62 

0.89 

1.28 

d3 

0.84 

0.96 

1.57 

0.78 

1.38 

d4 

0.88 

0.97 

1.10 

1.19 

1.03 

d5 

0.94 

0.85 

0.82 

0.73 

1.39 

06 

0.54 

0.62 

0.85 

0.65 

1.19 

D7 

0.71 

0.55 

1.29 

1.33 

0.78 

d8 

0.86 

0.73 

0.99 

1.23 

2.06 

d9 

0.51 

1.54 

0.57 

1.22 

1.61 
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Table  lib. 

Continued . 

Expt.  No. 

i — 1 

Pi 

CM 

Pi 

r3 

r4 

D10 

1.00 

2.06 

1.80 

2.31 

2.98 

i — 1 

i — 1 

Q 

1.05 

0.72 

0.92 

0.64 

0.64 

X 

0.93 

1.12 

1.28 

1.35 

SD 

±0.28 

±0.49 

+0.49 

+0.66 

EM 

±0.07 

±0.12 

±0.19 

±0.18 

Rl-R2,  p 

=  0.085 

r1i-r1d, 

P  =  <0.025 

R2I-R2D, 

P  =  >0.15 

R3I-R3D' 

P  =  >  0.15 

50 

4^ 

H 

1 

50 

D 

P  =  <0.005 

I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 
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Table  12a. 

Hematocrit 

-  Intact 

Kidneys . 

Expt.  No. 

Ri 

r2 

r3 

r4 

PaC02 

25-45 

PaC02 

46-90 

PaC02 

91-130 

PaC02 

131-210 

35.0 

32.5 

37.0 

36.0 

39.5 

*2 

33.5 

34.0 

34.5 

34.0 

35.0 

*3 

34.5 

36.0 

41.5 

38.5 

41.5 

*4 

35.0 

34.0 

32.0 

42.0 

43.5 

*5 

30.0 

31.0 

30.0 

47.0 

45.0 

*6 

33.0 

30.0 

35.0 

40.0 

*7 

39.5 

52.0 

52.0 

Is 

45.5 

49.5 

47.5 

51.0 

50.0 

*9 

36.5 

35.0 

44.5 

39.0 

45.0 

c .  f> 
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Table  12a.  Continued. 


Expt.  No. 

Ri 

r2 

r3 

r4 

I10 

37.0 

43.5 

51.0 

55.0 

42.0 

Ill  L 

40.0 

44.5 

54.5 

J12 

58.5 

49.5 

47.0 

56.0 

51.5 

113 

39.0 

39.0 

38.0 

47.5 

40.0 

X 

SD 

SEM 

38.3 
±  7.7 
±  1.8 

42.2 
±  7.5 
±  1.8 

41.3 

±  7.7 

±  2.2 

44.1 
±  5.4 
±  1.3 

R1“R2 '  p  =  0.086 
r1-R3 /  p  =  >  0.10 
r1-R4,  P  =  <  0.025 


. 
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Table  12b.  Hematocrit  -  Denervated  Kidneys 


Expt.  No. 

R1 

*2 

r3 

r4 

PaC02 

PaC02 

PaC02 

PaC02 

25-45 

46-90 

91-130 

131-210 

Di 

39.5 

41.5 

44.0 

44.5 

49.0 

°2 

46.0 

50.0 

41.5 

61.0 

55.0 

D3 

47.5 

49.0 

53.0 

53.0 

61.5 

d4 

40.5 

39.5 

37.5 

38.5 

50.0 

°5 

37.5 

43.5 

42.5 

47.5 

51.5 

49.5 

53.5 

53.5 

55.0 

58.0 

d7 

46.5 

49.5 

48.0 

50.5 

43.0 

d8 

48.5 

59.0 

56.5 

61.0 

61.5 

Dg 

49.0 

58.0 

61.5 

61.0 

58.5 
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Table  12b. 

Continued 

• 

Expt .  No. 

Ri 

r2 

r3 

r4 

D10 

42.0 

51.0 

42.0 

43.0 

46.0 

X 

44.6 

CM 

0 

00 

49.6 

56.3 

SD 

±  4.9 

±  5.2 

±  7.9 

±  6.2 

SEM 

±  1.3 

±  1.3 

±  3.0 

±  1.7 

rl-r2/  p 

=  <  0.05 

r1-R3,  P 

=  <  0.025 

Rl-R4 '  p 

=  <  0.005 

Q 

P— 1 

Ph 

1 

H 

r— 1 

(4 

P  =  0.006 

R2I-R2D' 

P  =  0.006 

R31-R3D, 

P  =  <  0.025 

R4l-R4D, 

P  =  <  0.005 

I  -  Intact  Kidneys 
D  -  Denervated  Kidneys 
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APPENDIX  I 

During  the  first  year  of  work  on  this 
project  considerable  effort  was  spent  on  refining 
and  adapting  techniques.  Because  it  was  realized 
that  the  best  possible  analytical  results  would 
be  required  to  achieve  the  aims  of  the  study,  much 
attention  was  focussed  on  analytical  methods  (for 
PAH,  Creatinine,  etc.).  During  this  period  we 
became  convinced  that  some  of  the  work  in  the 
literature  is  open  to  question,  especially  where 
renal  plasma  flow  has  been  estimated  from  PAH 
clearance.  The  kidney  is  particularly  sensitive  to 
loss  of  circulating  blood  volume,  even  that 
resulting  from  blood  sampling,  and  this  sensitivity 
is  enhanced  by  barbiturate  anesthesia.  Surgical 
trauma  during  catheterization  or  cannulation 
procedures  also  leads  to  abnormal  responses  and 
extremely  variable  data. 

One  of  the  major  problems  encountered 
was  that  of  obtaining  reliable  measurements  of  renal 
blood  flow.  We  first  tried  to  measure  renal  blood 
flow  using  the  extraction  and  clearance  of  PAH.  One 
of  the  first  problems  encountered  was  the  difficulty 
in  obtaining  reproducible  standard  curves.  This 
problem  persisted  as  long  as  we  used  the  method,  and 
was  such  that  we  were  never  certain  of  the  concentra¬ 
tion  being  measured.  At  this  time  we  made  some  direct 
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flow  measurements  by  cannulating  the  renal  vein 
and  found  that  the  discrepancy  between  directly 
and  indirectly  measured  blood  flow  was  so  great 
that  we  lost  all  confidence  in  the  PAH  method. 

The  reason  behind  our  inability  to  make  the  PAH 
method  work  was  never  discovered.  It  has  been 
shown  that  the  use  of  I-^^-Hippuran  gives  the  same 
measurement  as  PAH  (  57  )  but  has  the  advantage 
that  no  laborious  chemical  analysis  is  needed  for 
its  determination. 

When  we  first  started  using  I^^l.^ippuran 

we  obtained  very  low  extraction  ratios  (0.1  to  0.4). 

From  a  report  of  Block  and  Burrows  (112)  who  had 

encountered  similar  problems  with  i-^^-Diodrast, 

it  was  concluded  that  when  using  only  the  radio- 

13  l  — 

isotope,  the  actual  blood  concentration  of  I  Hippuran 

is  so  low  that  transport  across  the  renal  tubule  does 

not  proceed  in  a  normal  manner.  Infusing  PAH  along 

with  the  labelled  Hippuran  effected  some  improvement 

but  extractions  still  remained  low.  The  problem 

of  extraction  was  finally  solved  by  using  unlabelled 

131 

Hippuran  as  a  carrier  for  the  I  -Hippuran.  In 
order  to  prevent  the  diffusion  of  Hippuran  from 
erythrocytes  to  plasma  in  the  renal  venous  samples, 
the  venous  samples  were  taken  in  ice-cold  syringes 
and  separated  in  a  refrigerated  centrifuge  within 
1-2  minutes  after  drawing  the  sample.  During  the 
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5  minutes  which  elapsed  between  the  time  the  sample 
was  withdrawn,  and  the  time  the  plasma  was  removed 
from  the  red  cells,  the  sample  was  either  in  an 
ice-cold  syringe,  an  ice-bath  or  in  a  refrigerated 
centrifuge . 

With  the  I ^--Hippuran  working  well 
for  the  measurement  of  renal  blood  flow,  we  decided 
to  do  away  with  chemical  techniques  completely,  and 
use  C^-Inulin  for  GFR  measurement  instead  of 
creatinine.  Samples  were  counted  in  a  well  scintil¬ 
lation  counter,  fitted  with  a  radiation  analyser 

ill 

which  detected  only  I  .  An  equivalent  sample  was 
then  counted  by  a  thin-window  Geiger  tube  which 
detected  both  the  i^l  an(^  the  £14 .  A  computer 
program  was  written  to  separate  the  i^l  ancj  cl4 
counts.  While  the  method  was  theoretically 
satisfactory,  difficulties  were  encountered  due  to 
variation  in  sample  absorption  of  activity. 

Another  attempt  was  made  to  count  the 

1^1  and  using  a  liquid  scintillation  counter. 

Although  the  energy  spectra  of  the  two  isotopes  were 

too  close  for  maximum  resolution,  this  method  would 

have  worked.  The  sample  preparation  was  so  time 

consuming  however  (it  included  freeze-drying) ,  that 

it  was  decided  that  nothing  would  be  gained  by  using 

this  more  complicated  method  for  analysis.  We 

ill 

therefore  reverted  to  the  use  of  I  -Hippuran  for 
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the  measurement  of  renal  blood  flow  and  creatinine 
for  the  measurement  of  GFR. 

Attempts  were  made  to  control  renal  blood 
flow  by  perfusion  of  the  kidney  at  predetermined  flow 
rates  via  a  segment  of  the  aorta.  In  all  experiments, 
techniques  which  had  been  used  in  our  laboratory  to 
successfully  perfuse  other  organs  led  to  a  progressive 
increase  in  renal  vascular  resistance  to  very  high 
values.  This  problem  has  been  found  to  be  a  common 
one  with  perfusion  of  the  intact  kidney  (9) . 

The  next  group  of  experiments  was 
directed  toward  direct  measurement  of  renal  blood 
flow  by  cannulation  of  a  renal  vein,  the  collected 
outflow  being  returned  to  the  circulation  through 
a  femoral  vein  after  measurement.  This,  and  a 
concurrent  attempt  to  control  arterial  blood  pressure 
using  a  cartesian  manostat  were  also  discarded,  since 
even  a  brief  interference  with  renal  outflow  led  to 
cortico-medullary  congestion  to  a  degree  which  we 
considered  unacceptable.  Probably  with  enough  time 
and  practice,  these  direct  measurement  techniques 
could  have  been  perfected. 

It  was  finally  decided  that  the  most 
productive  approach  would  be  to  minimize  all  surgical 
preparation.  Barbiturate  anesthesia  (sodium  thio¬ 
pental)  always  led  to  a  steady  deterioration  in  the 
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animal,  manifest  by  progressive  fall  in  arterial 
blood  pressure.  We  changed  the  anesthetic  agent 
to  <X  -chloralose  with  1  mg/kg  morphine  as  a  pre¬ 
medication  and  in  all  subsequent  experiments  have 
found  that  despite  considerable  blood  loss  at  times, 
the  arterial  pressure  has  been  well  maintained.  This 
is  an  important  consideration  since  in  each  experiment 
blood  samples  amounting  to  about  200  ml  are  drawn. 
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APPENDIX  II 


Abbreviations  Used  in  the  Text 


RBF 

RPF 

ERPF 

GFR 

FF 

RR 

EHipp 

cOsm 

CH20 

PaC02 

cico2 


Renal  blood  flow 

Renal  plasma  flow 

Effective  renal  plasma  flow 

Glomerular  filtration  rate 

Filtration  fraction 

Renal  resistance 

Extraction  of  Hippuran 

Osmolar  clearance 

Free  water  clearance 

Arterial  carbon  dioxide  tension 

Concentration  of  carbon  dioxide  in  the 


inspired  air 
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